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ABSTRACT 
An experimental investigation has been made of the effe ct of 
ejecting nitrogen and helium coolant gases at the nose of a blunt body in 
the GALCIT 5 inch x 5 inch hype r sonic wind tunnel at a nominal Mach 
number of 5. 8. The gases wer e ejected with "swirl", to encourage them 
to flow tangentially to the model surface at ejection, and also st-raight out. 
Measurements were made of pre ssure, temperature and heat flux on the 
surface of the model at incidences of 0, 4, 8 degrees, and for a range of 
coolant gas flows. 
It was found that ejection with swirl did not in fact lead to an 
easement of the heating problem, because the high tangential velocity with 
which the ·coolant was injected into the boundary layer so increased the 
wall shear stress, and hence by the Reynolds analogy, the heat flux, that 
it predominated over the reduced driving temperature difference 
associated with the cooled boundary layer. 
With straight-out ejection it was found that the heat alleviation 
capabilities of the ejected coolant were reduced considerably if the 
momentum flow was sufficiently high that the bow shock wave was bulged 
out. For the size of ejection orifice in the present study it was possible 
to eject only nitrogen coolant without disturbing the external flow 
appreciably. The results suggest, however, that straight-out ejection 
could provide an effective way of reducing the heat flux provided that the 
external flow is not disturbed, and tests with a larger ejection orifice are 
indicated. 
A technique is propo sed for making steady-state heat-flux 
measurements by measuring t h e temperature difference across a uniformly 
thin skin of uniform, low thermal conductivity. 
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1. Introduction 
In a recent investigation McMahon 1 studied the effects of ejecting* 
a coolant gas from the nose of a blunt body. His results showed that the 
average heat transfer over a segment near the nose was reduced con-
siderably for quite small flows of coolant, but with the transient 
technique employed it wa s not possible to determine the local rates of 
heat transfer. The purpose of the investigation r eported here was to 
employ the steady state technique using heatmeters, developed by 
Hartwig2• 3 and subsequently used by Richards 4, to determine the local 
rates of heat transfer associated with ejection from the nose, and to 
explore the effects of incidence, 
The heatmeters developed by Hartwig are miniaturized thermopiles, 
about one-eighth of an inch by one- sixteenth in area, which in effect 
sense the temperature diffe rence across a piece of glass about 0. 007 in. 
thick. By suitably installing them close to the surface of a model they 
become instruments which are sensitive to normal temperature gradient, 
and hence to the heat transfer rate normal to the surface. The heat transfer 
equivalent .of the millivolt output of a heatmeter can be found by proper 
calibration when installed, Proper calibration is, in fact, the key to the 
successful use of these instruments. Both Hartwig and Richards calibrated 
their heatmeter s by placing the model in an oven which, in principle, 
exposed them to a known, and uniform, heat flux, and this technique 
has been followed here. 
* McMahon used the term 11injecting 11, in the sense of injection 
into the boundary layer, but the process is so very much stronger 
that here we shall use the term 11 ejecting 11 , in the sense of ejection 
from the nose, 
2 
The investigation consisted of ejecting varying amounts of both 
nitrogen and helium from the nose of a blunt body of the same profile 
4 
as that employed by Richards • Measurements were made of surface 
temperature and heat flux, and some measurements of surface pressure, 
both at zero incidence and at incidences of 4 and 8 deg. Initially an 
attempt was made to eject the coolant gas in such a way that it was 
flowing tangential to the model surface at ejection, but the results showed 
that this method of ejection in fact tended to lead to an increase in heat 
flux, so later tests were made with straight-out ejection. The pressure 
and temperature of the ejected gas were measured just prior to ejection. 
The tests were made in the GALCIT 5 inch x 5 inch hypersonic 
wind tunnel (leg 1) at a nominal Mach number of 5. 8 and at a Reynolds 
number per inch of about 0. 2 million based on free stream conditions. 
At this Reynolds number and Mach number it was assured that the 
boundary layer on the model was laminar. 
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2. Description of the Models 
The model chosen for the present investigation was of identical 
profile to that previously tested by Richards 4 , and the present tests were 
envisaged as extending that work by investigating the effects of ejecting a 
coolant gas at the nose. Relevant details regarding the profile are given 
in Table 1: basically the model has an oblate spheroidal forebody, of 
eccentricity 0. 7315, and a conical afterbody of 10 degrees semi-angle. 
Two models were constructed: one to obtain pressure distributions 
and to make preliminary studies of the method of ejection, and the other 
to obtain distributions of temperature and heat flux. Photographs of the 
models are shown in Figure 1. 
The pressure model was constructed of brass with nine conventional 
static pressure orifices of 0. 016 in. diameter. Figure 2 shows the 
internal construction of the model, and Figure 3 the positions of the 
pressure orifices, which were located helically on eight meridians. 
The heat-flux model was constructed of a mild steel with a wall 
thickness of 0. 050 in., and coated with a layer of porcelain of thickness 
0. 020 in. The porcelain served a dual purpose: it provided an electrical 
insulator for the circuits associated with the thermocouples and heatmeters, 
and it increased heatmeter sensitivity as compared to installation of the 
meters in the steel wall itself by virtue of its low thermal conductivity 
(about 0. 00015 Btu/ft. sec. deg R. ). Figure 2 shows the internal construction 
of the model. 
Along one meridian of the heat-flux model nine thermocouples 
were formed by cementing a constantan wire of 0. 001 in. diameter on the 
model, and then removing the cement coating at nine precisely-located 
4 
points with a knife blade. It thus be came possible to make contact with 
the wire by means of silver pa int at these nine points, thereby forming 
nine silver-constantan junctions. (See Figure 3.) Painted silver leads 
connected the thermocouples so formed to turret post s set in fibre- glass on 
the base of the model. 
The heatmeters are essentially miniaturized the rmopiles. Fifty 
turns o£ 0. 001 in. constantan wire spaced 0. 001 in. apart were wound on 
a piece of microscope slide glass one-eighth of an inch by one- sixteenth 
in area, and 0. 007 in. thick . One half of each loop was s ilver-plated, 
resulting in silver-constantan junction s with a thermocouple spacing of 
0. 008 in. For protection and electrical insulation the finished meters 
were given a thin coat of adweld. Installation of the nine heatmeters 
in the model, three on each of three meridians (see Figure 3), was 
accomplished by grinding a small indentation in the porcelain and 
cementing the meter in place with adweld. The constantan leads coming 
from the meter were laid in small grooves cut in the porcelain, contact 
made with them by silver paint, and they were then held down by a 
thin application of adweld. Painted silver leads connected the heatmeters 
to turret posts on the base as with the thermocouples, one lead being 
common to all meters. 
There were therefore twenty turret posts on the base of the 
model -- one connected to the constantan comm on of the thermocouples, 
nine to the silver sides of the thermocouples, one to a silver common 
for the h eatmeters, and nine to the individual silver leads from the 
heatmeters. From the turret posts connection was made by means of 
constantan or silver l eads as appropriate. The l eads were soft- soldered 
5 
to the turret posts, and, except for the early tests# were insulated 
by teflon. 
The heat-flux model was cooled by water conveyed through 
coaxial tygon tubing and rubber hose, and coaxial pipes within the sting, 
the inflow being within the return-flow. (See Figure 2.) The inflow was 
fed from the water mains, and as no flow regulator was used the flow 
rate tended ·to vary with the daily fluctuations in mains water pressure# 
etc. However, measurements showed that the flow rate was on the 
average about 0. 17 gallons per minute, the maximum variation measured 
being about twice or half this amount# but usually much less. The 
inflow water temperature whenever measured was always within 1 °F of 
76 °F, and the maximum measured temperature rise overall# that is 
due to the heat picked up not only in the model but also in the attendant 
0 0 piping, was never greater than 7 F, and usually less than 3 F. 
The nitrogen and helium gases used in the ejection studies were 
fed into the model via a pipe within the inflow water pipe. This proce.dure 
ensured that the coolant gas reached the model at a fairly constant 
temperature. Within the model the gas entered a plenum chamber 
(see Figure 2) where a pressure probe and an iron-constantan thermocouple 
enabled the pressure and temperature of the gas to be determined. From 
the plenwn chamber the gas was conveyed to the nose of the model 
through a pipe of 0. 081 in. inside diameter and half an inch long, the 
edges of the ejection hole being rounded to a radius of about 0. 02 in. 
The same physical parts for the coolant ejection were used in both the 
pressure and the heat-flux models. 
When the experiment was conceived it was felt that the coolant 
6 
gas shouid be directed tangential to the model surface with the object 
of introducing the coolant in such a manner as would cause minimum 
disturbance to the external flow field. McMahon1 in his investigation had 
attempted to do this by fitting a deflector cap at the nose over the ejection 
orifice, so that the coolant struck the back of the cap and was thereby 
deflected radially outwards. It was felt that tlus was not an entirely 
happy way of achieving the desired end, because in practice any easement 
of the heating of the nose achieved in this way would merely be replaced 
by the problem of how to cool the cap. It was therefore decided to 
encourage the ejected coolant to flow tangentially to the model surface 
by giving it some swirl in the ejection pipe, in the hope that the centrifugal 
effect of the swirl would cause the coolant to flow radially outwards at 
ejection, and that the Coanda effect would subsequently cause it to 
follow the surface profile. The necessary swirl was given to the 
coolant by inserting in the half-inch ejection pipe a twisted strip of brass, 
0. 01 in. thick and half an inch lone . The strip was twisted through 
one complete turn clockwise, in the half inch, so that the helical advance 
angle at the wall was about 63 degrees. It was appreciated that such a 
device would not produce initially a rotationally symmetric coolant flow, 
but it .was hoped that, once away from the ejection orifice, the flow 
would even out. 
It subsequently transpired that the swirling device worked 
in so far as it caused the coolant to be ejected tang entially, at least at 
the smaller flow rates, but that the rotational distribution was probably 
poor. However, interest was by then centered on straight-out ejection, 
and for these tests the 11 swirler11 was merely removed: it was held 
7 
merely by the tightness of the fit. Since it is a r elevant parameter. 
insofar as it is related to the rotational asymmetry of the coolant flow, 
the setting of the swirler at the ejection orifice was recorded. On the 
pressure model it made an angl e of about 40 degrees with the meridian 
through pressure orifices 1 and 9, on the side towards the meridian 
through p ressure orifice 2, as indicated in Figure 3. On the heat-flux 
model two positions were tested: one made an angle of about 45 degrees 
with the meridian through t he thermocouples, in the direction indicated 
in Figure 3 (referred to as 11 swirler at 45 degrees" ); and in the other 
position it was aligned with the meridians through heatmeters 1, 4, 7 
and 3, 6, 9 (referred to as 11 swirler at 90 degrees"). During the tests 
on the heat-flux model with the swirler at 45 degrees considerable 
difficulties were experienced with the heatmeters, such as short and 
open circuits, as well as meters becoming loose during test and blowing 
away down the tunnel. In such cases it was not possible to recheck the 
calibration of these meters after test, so the information with the swirler 
at 45° is considerably less reliable, and less complete, than the remainder 
of the information obtained later with the heat-flux model after it had 
been completely rebuilt with fresh meters. 
8 
3. Experimental Equipment 
3. 1. Description of Wind Tunnel and Mounting of the Model 
The GALCIT 5 i n ch x 5 inch hyper sonic wind tunnel is of the 
continuous flow type, having a closed working section and a closed return. 
A description of the wind tunnel and the associated plant is given in 
Reference 5, and pertinent data is listed in Table 2. The nominal Mach 
number in the test section is 5. 8 . F or all tests the tunnel stagnation 
pressure, which was measured just upstream of the throat, was maintained 
at 6 atm. absolute within very close limits. For the tests on the heat-flux 
model the tunne l stagnation t emperature, which was measured just 
upstream of the throat, was 316°F with a standard deviation, based on 
the periodic measurements made, of just over 2°F. For the tests on 
the pressure model the stagnation temperature was nominally 250°F, 
which was probably within 10°F of the true value. 
The model was mounted with the nose 21. 75 in. aft of the throat. 
Incidence was produced by differential movement of the two vertically 
actuated struts on which the sting of the model was mounted, in such a 
way that the nose of the m odel remained in the same position in the tunnel. 
To obtain a complete knowledg e of the characteristics at incidence it was 
necessary to rotate the models on their stings through 360 degrees, in 
order to bring each pressure orifice, thermocouple, and heatmeter into 
the windward, leeward and side meridians, etc. 
9 
3. 2 Metering of the Coolant Gas 
The nitrogen and helium gases used as coolants were fed from 
commercial bottles, passed through a pressure regulator, then through 
a Fischer and Porter variable-area gas flowmeter, then through a 
needle valve and into the model through a tube within the inflow water 
line. A pressure gage upstream of the flowmeter indicated the metering 
pressure, which was either 20 lb. /in. 2 or 50 lb. /in. 2 gage. The needle 
valve permitted the mass flow to be varied without changing the metering 
pressure appreciably. 
The smaller mass flow rates were metered with a tube and 
ball-float meter which was calibrated for the two gases by running it 
in series with either a wet-test ga s meter or a previously calibrated 
flowmeter. The larger mass flow rates were metered with a "tri-flat" tube 
and ball-float meter for which calibration curves could be predicted for the 
two gases. It is estimated that the probable error in the quoted mass flow 
rates is about 6 per cent, based on the differences in different calibrations, 
but the variations in mass flow rates which are nominally the same should 
be less than this. 
The mass flows have been quoted as mass flow coefficients C • 
m 
based on the free stream mass flow through a capture area equivalent to 
the frontal area of the model, so that 
c. = m I 2 p V 1T (D 2) C() C() 
Pertinent information on the properties of the coolant gases is 
given in Table 3. 
10 
3. 3. Measurement of Pressure 
The steel tubes at the base of the pressure model were connected 
by saran tubing to vacuum-referenced manometers using silicone oil for 
the lower pressures and merc ury for the higher pressures. Likewise the 
steel pressure probe in the plenum chamber was connected by saran 
tubing to a vacuum-referenced mercury manometer. 
All pressures have been quoted as pressure coefficients, cp, 
defined by 
:: 
P-P 
00 
and normalized by dividing by the pressure coefficient, Cp , at the nose 
0 
for zero incidence and no coolant ejection, which is of course the pressure 
coefficient behind a normal shock at the tunnel Mach number. 
3. 4. Measurement of Temperature 
The thermocouple turret posts at the base of the heat-flux model 
were connected by silver or constantan leads, insulated by teflon, to a 
jack panel, which enabled the millivolt outputs of the thermocouples to be 
sampled in turn using a Leeds and Northrup potentiometer. A thermometer 
in the jack panel recorded the effective cold-junction temperature. The 
millivolt readings were converted to temperatures using the calibration 
for silver-constantan thermocouples previously obtained by Hartwig2, 
and given in Table 4. 
The iron-constantan thermocouple probes in the plenum chamber 
and upstream of the tunnel throat were likewise connected to the jack 
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panel and their outputs sampled, Their readings were converted to 
temperatures using standard calibration tables. 
3. 5. Measurement of Heat Flux and Calibration of Heatmeters 
The heatmeter turret posts at the base of the heat-flux model 
were connected by silver leads, insulated by teflon, to the same jack 
panel as for the thermocouples, and the millivolt outputs of the meters 
sampled with the same Leeds and Northrup potentiometer. 
As Hartwig2 has pointed out, the key to the success of an experiment 
employing these heatmeter s lies in their calibration. Hartwig's method 
was to construct an oven, which, when the model was inserted, would 
expose the surface of the model to a uniform heat flux. This end was 
not too difficult to achieve, but of course not all the power that was put 
into the oven flowed inwards into the model, even although the oven was 
heavily lagged. Hartwig attempted to measure his losses by employing 
commercial heatmeters on the walls of the box containing his oven. 
Richards 4 attempted to improve on this technique by surrounding his 
main heater elements by bucking heaters, with specially made heatmeters 
inserted between the main heater and the bucking heaters. The principle 
here was to adjust the power into the bucking heaters until their associated 
heatmeters were nulled, At this point it was assumed that there was 
no net heat flux outwards from the main heater, and thus all the power 
that was going into the main heater was going as heat into the model, 
uniformly as before. 
It was originally intended to use the Richards oven to calibrate 
the model of the present investigation, since it was of identical external 
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geometry, but unfortunately the Richards oven burned out, and a new one 
on the same principle had to be constructed. Details are given in 
Appendix 1, and a sketch of the oven is given in Figure 4. 
Power for the main oven heater was obtained from a variable 
d. c. supply and measured by means of an ammeter and voltmeter. 
Power for the two bucking heaters was obtained through powerstats from 
the a. c. mains and the amps recorded. For a given power input in the 
main heater, the power input into the bucking heaters was adjusted until 
the appropriate heatmeter was nulled, when it was hoped that the power 
input into the main heater could be treated as all going into the model. 
The measurements of model surface temperature during calibration, 
expressed as an excess over the internal water temperature, differed by at 
most 5 per cent from the average surface temperature, so that it was 
assumed that the oven provided a fairly uniform heat flux meridianwise, 
although small corrections were applied for such non- uniformity as there 
was. The model was also tested in three rotational positions, for each 
power input, but here no appreciable variation was found, so that it was 
concluded that the oven provided an almost nearly uniform heat flux 
rotationwise. 
However, the measurements of heat transfer obtained in the 
wind tunnel based on the calibration made in the oven were considerably 
less than was expected theoretically for the stagnation point heat transfer 
rate, and from the results of Richards 4 for the case of no injection. It 
was therefore concluded that, although the oven provided a fairly uniform 
heat flux to the model, the actual value of the heat flux differed considerably 
from that expected, because of a flow of heat from the bucking heaters 
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to the main h eater even when the heatmeters read null. The explanation 
for this is far from certain; but it may be associated with various 
"battery'' effects that were noted in connection with the oven. For 
example, after the oven. had been heated for some time it was found that 
the main heater, the oven heatmeter and the oven bucking heater were at 
different electric potentials, by as much as 200 millivolts, and that 
currents of up to 20 microamps could be obtained. There was not time 
to resolve this matter, but it is probably associated with the sauereisen 
in which the heatmeters were embedded. 
The difficulty was overcome in the following way. In Appendix 2 
it is shown that the heat flux, q, across a thin skin of low thermal 
conductivity is given very closely by 
where 
= 
k is the thermal conductivity of the skin material 
y 1 is the thickness of the skin 
T is the temperature of the outer surface 
w 
T. is the temperature of the inner surface. 
1 
Now the model is made up of a 0. 020 in. layer of porcelain on a 0. 050 in. 
steel shell, which is cooled on the inside by water which, during 
calibration, was never more than a degree or so from 79°F. Since the 
thermal conductivity of the porcelain is about one- sixtieth of that o£ 
steel, it is not unreasonable to assume that most of the temperature drop 
across the wall of the model occurs in the porcelain, and that the inner 
surface of the porcelain was not far removed from the water temperature, 
14 
0 
namely 79 F. On this argument we would expect the heat flux into the 
model to be proportional to the amount by which the model surface 
0 
temperature exceeded 79 F. It was in fact found that the excess of the 
model surface temperature over 79°F increased in proportion to the 
power that was put into the main heater. It was therefore concluded 
that the oven provided a uniform source of heat flux, and one in which 
the actual heat flux was indeed proportional to the power put into the 
main heater, but that quantitatively the factor of proportionality was not 
known. It is not possible therefore to present absolute rates of heat 
transfer, q , from the present experiments, but only relative values, 
obtained by normalizing the results by dividing them by a suitable 
reference rate of heat transfer, namely that at the nose for zero incidence 
and no ejection, q . 
0 
The argument presented above equally implies that the rates of 
heat transfer could be obtained from the measurements of temperature 
alone. This point is pur sued further in Section 6. 2. 
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4. Reduction of Data 
Because of flow irregularities across the test section it was 
found that the measurements of pressure, temperature, and heat flux 
varied systematically as the model was rotated at zero incidence. The 
maximum difference between the highest and lowest values amounted 
0 
to about 10 per cent on pressure, to almost 10 F on temperature., and 
to _about 30 per cent on heat flux. However, these differences were 
systematic in that the change s in pressure, temperature and heat flux 
produced by ejection showed very much less variation as the model was 
rotated than the readings themselves. 
The data presented here for zero incidence is that averaged 
over the eight rotational angles tested for the pressure model, and over 
the four rota tional angles tested for the heat-flux model, and the accuracy 
of this averaged data should therefore be much greater than that of the 
individual readings. The extent to which individual readings could be 
repeated for nominally the same conditions was within about 1 per cent 
0 
on pressure, about 5 F on temperature, and about 10 per cent on heat flux. 
The data at incidence was corrected for the effects of the flow 
irregularities mentioned above, by adding to, or subtracting from, the 
measured values of pressure, temperature, or heat flux, the amounts 
by which the measured values at zero incidence differed from the 
averaged values. 
It would have been possible to correct further the data at incidence 
by testing at both positive and negative angle-s, and averaging, but the 
extra work involved would have been prohibitive. 
5. Results 
The experimental results on pressure, temperature and heat 
flux are given in full in Tables 5 to 41, and only a representative 
selection are presented in the figures. 
A full range of measurements of the effects of ejection with 
swirl and of straight-out ejection on temperature and heat flux were 
made at incidences of 0, 4, and 8 degrees, and for coolant gas mass 
flow coefficients of up to 0. 008 for nitrogen and 0. 005 for helium. 
Ejection with swirl was made with the swirler at two different angles 
relative to the positions of the thermocouples and heatmeters (see 
Section 2). 
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In regard to pressure, measurements were made only of the 
effects of ejection with swirl, and in the case of helium only at zero 
incidence, although for nitrogen incidences of 0, 4, and 8 degrees were 
covered. No measurements were made of the effects of straight-out 
ejection on p'ressure. 
Schlieren photographs of all the flow patterns were taken, but 
only those needed to illustrate the arguments are presented in the figures. 
At the end of the main program of tests some measurements 
were made of temperature and heat flux for various rates of straight-out 
ejection with no coolant water flow. These measurements were intended 
to give some idea of the "blanketing" effect of the separate coolant gases, 
although of course with no coolant water flow one had no control over 
the ejection temperature of the coolant gas. 
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6. Discussion 
6. 1. Pressure Distributions with No Ejection 
Distributions of pres sure in the plane of incidence with no 
ejection at incidences of 0, 4, and 8 degrees are shown in Figure 5. In 
Figure 6 are shown cross-plots of pressure against incidence for the 
various stations, together with curves deduced from the measurements 
of Richards 4 , which they should duplicate. It will be seen that there is 
good agreement between the two sets of results e xcept just ahead of the 
shoulder, whe re the results of Richards seem somewhat implausible. 
It will be recalled that Richards found that the experimental results 
were in fair agreement with the so- called modified Newtonian theory, 
which states that the pressure is given by 
= 
. 2 
s1n ~ 
where ~ is the angle of the surfac e to the direction of motion, except 
on the conical afterbody, where the Newtonian approach underestimates 
the pressure. 
Distributions of pressure in the meridian plane normal to the 
plane of incidence are shown in Figure 7. As found by Richards. the 
measurements at incidence do not differ noticeably from those at zero 
incidence in this plane, at least over the range of incidence covered. 
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6. 2. Temperature and Heat-Flux Distributions with No Ejection 
Distributions of temperature a n d heat flux in the plane of incidence 
with no ejecti on at inciden::es of 0, 4, and 8 degrees are shown in Figure 5. 
T hese r esults cannot be expected to duplicate those of Richards 4, because 
of the different tunnel stagnation temperatures at which the two series 
of tests were made, but they do confirm his finding that the loca~ 
temperatures and heat fluxes vary linearly with the angle of incideR.ce 
over the range covered. Figure 7 shows that distributions of temperature 
and heat flux in the meridian plane normal to the plane of incidence do 
not vary noticeably with incidence, as was found in Section 6. 1 for pressure. 
The results on heat transfer can be compared with those of 
Richards by expressing them as Nusselt numbers, formed by dividing 
the product of the heat flux, q , and a typical length, by the product of 
the driving temperature difference, {T - T), and the thermal conductivity 
a 
of the fluid, where T is the adiabatic wall temperature, or wall temperature 
a 
for which the local heat flux would be zero. This adiabatic wall temperature 
is given by 
where 
1 
= Te + a-"i { T - T ) stag e 
T is the temperature at the external edge of the boundary layer 
e 
T t is the stagnation temperature 
sag 
a- is the Prandtl number {see Table 3). 
The temperature T depends upon the pressure distribution, and is given 
e 
by 
Te = T {P/P rr/tr -l) 
stag o 
where 
Pis the local pressure 
P is the pressure at the stagnation point at the nose. 
0 
Values of Nusselt number at zero incidence, normalized* by 
division by the Nusselt number at the nose, are shown as circles in 
Figure 8, together with a curve deduced from the measurements of 
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Richards, and plotted against the complement of the profile slope angle, 
as being perhaps a more relevant parameter in this context than s/D. 
In the experiments of Richards the Reynolds number based on the free 
stream velocity) the base diameter, and the fluid properties at the nose 
was 0. 24 million; in the present experiments it was 0. 22 million, 
which is not significantly different. A possible explanation of the 
discrepancy was provided by comparison of the profiles of the two models 
in an optical comparator. It was found that. whereas the present model 
was of the design profile to within about 0, 001 in., the model of Richards 
was small by about 0. 012 in. The effective values of s/D for his heatmeters 
are therefore greater than he quoted: this has the effect of moving the 
curve for his measurements to the right in Figure 8, but not by an 
amount sufficient to explain fully the discrepancy, which may well be 
associated with some non-repeatability of the meters themselves, as will 
be mentioned below. 
Also shown in Figure 8 are ·two theoretical curves of different 
degrees of approximation, calculated from the theory of Lees. 6 A 
* When normalized the Nusselt number becomes independent 
of the typical length and the the rmal conductivity of the fluid. 
7 theoretical curve calculated from the theory of Cohen and Reshotko 
was in substantial agreement with those derived from the theory of 
Lees. It will be seen that the discrepancy between experiment and 
theory is far greater than that between the experiments themselves, or 
between the two degrees of theoretical approximation. Now it is shown 
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in Appendix 2, and has already been referred to in Section 3. 5, that, for 
a model having a thin skin of uniform thickness and thermal conductivity, 
the heat flux across the skin should be very closely proportional to the 
difference between the wall temperature, T, on the outer surface of the 
skin, and the temperature, T .• on the inner surface. By the argument 
1 
given in Section 3. 5, the effective inner surface temperature should 
not be far removed from the water temperature, which, in the wind 
0 tunnel, was about 80 F. Accordingly the Nusselt number should be 
proportional to (T - T .)/(T - T). where T. is roughly 80°F. Values of 
1 a 1 
normalized Nusselt number derived in this way are shown as triangles 
in Figure 8. Admittedly there is some scatter. but this is only to be 
expected in view of the assurnptions upon which this method of determining 
the heat flux is based, but the agreement with theory up to an angle of 
about 45 degrees is remarkable. At greater angles of course the 
difference, (T - T .). is smaller and thus much more sensitive to the 
1 
precise value of inner surface temperature used, which, it should be 
remembered was not measured, but crudely assumed to be equal to the 
probable water temperature. 
This result indeed raises the question of the meaning of the 
results obtained with the heatmeters. It could be of course that the 
theories of both Lees and Cohen and Reshotko are in error, and that 
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the agreement between them and the experimental results deduced from 
the temperature measurements is fortuitous. But if one considers a 
body of spherical shape, which Hartwig 2 tested, and for which there is a 
fair amount of agreement between theory and expe riments employing 
other techniques8 , one finds that far better agreement is obtained between 
theory and the heat fluxes derived from Hartwig's temperature measurements, 
on the lines outlined above, than between theory and the heat fluxes 
yielded by his heatmeter results. No explanation is at present forthcoming 
as to why the heatmeters do not give the correct heat flux in the tunnel, 
as would seem to be the implication, but it may be associated with the 
method of calibration, which is done under conditions of uniform heat flux 
only. It should be noted that in the present investigation and in those of 
Hartwig and Richards essentially the same method of calibration was used. 
Some experiments are at present in progress at the Jet Propulsion 
Laboratory using these heatmeters but employing an entirely different 
method of calibration. It is sugg ested that judgment on the meaning of 
the results obtained with these heatmeter s be delayed until further 
evidence from this source is forthcoming . 
In passing, however, it should be noted that the method whereby 
the heat fluxes have here been deduced from the temperature measurements 
could very well be an extremely effective method in its own right, What 
is required is an accurate knowledge of both the outer and inner surface 
temperatures of the skin, which should be of uniform thickness and 
thermal conductivity. In the pre sent experiments the inner surface 
temperature was not measured, only deduced, and that somewhat crudely, 
but if necessary it could be measured as accurately as the outer surface 
22 
temperature. A skin of homogeneous material should ensure reasonably 
uniform thermal conductivity, and Hartwig 2 has shown that porcelain 
models can be manufactured so as to have a skin thickness uniform to 
within 3 per cent. The philosophy of the technique appears to lie in the 
thin skin of low thermal conductivity. The thinness of the skin is 
necessary to ensure that the effects of longitudinal temperature gradients 
are negligible (in the transient technique even a thin skin does not ensure 
this 1• 9); the low thermal conductivity is necessary to ensure that, even 
although the skin is thin, there is a reasonable and measurable temperature 
difference across it. In practice the thickness of the skin would be a 
compromise between making it thin enough that the longitudinal temperature 
gradients would be negligible, and thick enough that the fractional 
departure from uniformity of thickness would be low. 
It is suggested, therefore, that, in. view of the uncertainty 
associated with the results obtained using the heatmeters, the most 
reliable, albeit rough, indication of the rates of heat transfer from the 
present experiments can be obtained from the measurements of surface 
temperature, by assuming that 
where 
= 
T- T. 
1 
T - T. 
0 1 
T is the measured surface temperature 
Ti is the inner surface temperature, assumed to be 80°F 
T is the surface temperature at the nose for zero incidence 
0 
and no ejection, namely 130°F. · 
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6. 3. Effect of Ejection on the Flow Pattern 
The variation of plenum chamber pressure with mass flow rate 
of coolant is shown in Figure 9. It will be noted that for small mass flow 
rates of both nitrogen and helium with straight-out ejection the plenum 
chamber pressure is less than the stagnation pressure at the nose for 
no ejection (C~Cp < 1 ). In this case the ejected gas acts as a "gas spike", 
0 
causing the bow shock wave to bulge out. The normal flow pattern is 
replaced by one in which, in the vicinity of the nose, there is a roughly 
conical dead-air region behind a roughly conical shock wave. The 
pressures in the vicinity of the nose associated with this flow pattern 
are considerably less than those with a conventional non-bulged- out shock, 
as McMahon 1 found, which is why there is a corresponding drop in 
plenum chamber pressure. Figures lO(a) and lO(c) show the bulging-out 
of the bow shock wave by nitrogen and helium ejected straight out 
respectively, whereas Figures lO(b) and lO(d) show that at the same or 
greater mass flow rates with swirl there is no indication of such bulging 
out. In this sense the swirler may be said to be achieving its desired 
effect. 
It will also be noted in Figure 9 that with straight-out ejection 
the plenum chamber pressure varied appreciably with incidence for the 
smaller mass flow rates. This is presumably because the conditions 
at the ejection orifice vary appreciably with incidence. For mass flow 
rates of helium corresponding to Cm = 0. 004 and higher this dependence 
on incidence disappears: this behavior is no doubt associated with the fact that 
at these mass flow rates the flow in the ejection pipe is choked, as will 
be mentioned below. Figure 9 shows also that for ejection with swirl 
the plenum chamber pressure does not vary noticeably with incidence 
at all: this is no doubt because with swirl the flow ahead of the body is 
very little affected by ejection, and, as will be shown in Section 6. 4, 
the pressures even in the vicinity of the nose do not vary much with 
either incidence or coolant ejection. 
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The above arguments are supported by examination of the 
schlieren photographs, a selection of which are shown in Figure 10. 
With the straight-out ejection of nitrogen the bow shock wave was bulged 
out slightly at zero incidence for a mass flow coefficient of 0. 004, even 
less so at 4 degrees incidence, and hardly at all at 8 degrees incidence. 
At all three incidences it was bulged out appreciably for a mass flow 
coefficient of 0. 006. With the straight-out ejection of helium the bow 
shock wave was bulged out slightly at zero incidence for a mass flow 
coefficient of 0. 001, and less so at the higher incidences; and bulged 
out appreciably for a mass flow coefficient of 0. 002 at all incidences. 
Helium tends to cause the bow shock wave to bulge out at a smaller 
mass flow rate than for nitrogen; since helium is one-seventh of the 
density of nitrogen, the speed of ejection is greater for the same mass 
flow rate. Ejection with swirl tended to cause the bow shock wave to 
bulge out more at incidence than at zero incidence. At zero incidence 
a noticeable bulging-out due to ejection with swirl does not appear until 
a mass flow coefficient of about 0. 008 for nitrogen or 0. 003 for helium. 
At incidences of 4 and 8 degrees the bulging-out appears at a mass flow 
coefficient of about 0. 006 for nitrogen or 0. 002 for helium. 
On the assumption of one-dimensional flow in the coolant gas 
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line, the Mach number in the plenum chamber never exceeded 0. 03, based 
on the ·measurements of mass flow rate, and of pressure and temperature 
in the plenum chamber, so that these pressures and temperatures can 
be treated as representing total conditions. On this assumption, and 
again that of one-dimensional flow, the Mach number at the entry to the 
final ejection pipe can be calculated (see Figure 3). This Mach number 
is shown in Figures 11 and 12. Figure 11 shows that for mass flow 
coefficients above about 0. 005 for nitrogen or 0. 002 for helium there is 
evidence that the flow in the swirl pipe was choked, although with the 
swirler removed (see Figure 12) the onset of choking is delayed to 
beyond a mass flow coefficient of 0. 008 for nitrogen and to 0. 0025 for 
helium for straight-out-ejection. The Mach numbers themselves should 
be treated as qualitative only, owing to the assumption of one-dimensional 
flqw made in their derivation, and the fact that the Mach number is 
extremely sensitive to area ratio near a Mach number of unity. 
For straight-out ejection, that is with the swirler removed, the 
momentum flow of the ejected gas can be calculated, again on a one-
dimensional flow assumption, and ignoring any losses in the final 
ejection pipe, which are estimated to be small. The calculated momentum 
flow rates are shown in Figure 13 as momentum flow coefficients C. 
'f 
defined as 
c. p = 
m. v . 
eJ 
V 2 'IT (D/2) 2 
00 
It will be noted that, for a given mass flow rate, the momentum flow 
rate, and hence the speed of ejection for helium is about seven times 
that for nitrogen, as mentioned earlier, provided that the flow in the 
ejection pipe is not choked. 
6. 4. Effect of Ejection on Pressure 
McMahon1 has sh o wn that straight-out ejection has a profound 
effect on the pressure distribution back to a value of s/R for a model 
having a spherical nose of about 0 . 6, where R is the nose radius.* 
In the vicinity of the nose the value of C~Cp was reduced by as much 
0 
as 0. 6. This is because the ejected gas acts as a "gas spike", as has 
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been pointed out in Se ction 6. 3, and causes the bow shock wave to bulge 
out. No measurements of pressure with straight-out ejection were made 
in the pre sent investigation, partly through lack of time, and partly 
because McMahon has already demonstrated the main effects. 
Typical results for ejection with swirl are shown in Figures 
14, 15, and 16. >!<>'.< It will be seen that the changes in pressure due to 
ejection are far less than those found by McMahon for straight-out ejection, 
particularly for the mass flow rates for which the bow shock wave is not 
bulged out (namely, C • less than about 0. 006 for nitrogen, or less than 
m 
about 0. 002 for helium, see Section 6. 3). Even at the higher mass flow 
rates the changes in pressure coefficient are less severe, being for all 
conditions tested less than a tenth of Cp for points aft of s/D = 0. 177, 
0 
and negligible aft of s/D = 0. 357. Only at the first measuring station 
( s/D = 0. 117) was there an appreciable effect, and even then it was 
much less than that found with straight-out ejection. These results 
* For the model of the present investigation s/R = 1. 86 s/D, 
where Dis the base diameter. 
** In the figures the vertical scale is everywhere such that 
half an inch corresponds to 0. 2 in ~ C~Cp • 
0 
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confirm the conclusions drawn in Section 6. 3 from a study of the 
schlieren photographs that the swirler is achieving some success by 
enabling the coolant to be ejected without too much disturbance to the 
flow external to the boundary layer. 
6. 5. Effect of Ejection with Swirl on Temperature and Heat Flux 
The changes in temperature and heat flux for ejection wlth swirl 
at zero incidence are shown in Figures 17 and 18. * If one studies Figure 
18 one observes, for example, that for helium with the swirler at 90 
degrees (points represented by a multiplication cross), the heat flux is 
considerably reduced at stations 2, 5, and 8 (corresponding to s/D = 0. 177, 
0. 357, 0. 710), whereas it is appreciably less reduced, or even increased, 
at stations 1, 4, 7; 3, 6, 9 (corresponding to s/D = 0. 117, 0. 297, 0. 477; 
0. 237, 0. 417, 0. 943), Reference to Figure 3 shows that stations 2, 5, 8 
lie in one meridian plane, whereas the other six stations lie in another 
meridian plane. This dependence of the results upon the meridian plane 
of the heatmeter stations is because the swirler is not giving a rotationally 
symmetric distribution of coolant gas over the model. This implies 
that the results must be interpreted in the light of the location of the 
various thermocouple and heatmeter stations with respect to the swirler. 
(See Figure 3 and Section 2.) With helium in particular, at high mass 
flow rates, having the swirler at 90 degrees leads to a reduction in 
temperature at station 1 (corresponding to s/D = 0. 117 , see Figure 17), 
and at the same time to an increase in heat flux (see Figure 18), whereas 
* In the figures the vertical scales are such that half an inch 
corresponds to 20°F in temperature, or to 0. 2 in A qfq . 
0 
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having the swirler at 45° l eads to the opposite effect. This is because 
the thermocouple and heatmeter corresponding to station 1 lie on different 
meridians. 
In view of these results, either an attempt should have been 
made to obtain a more nearly' rotationally symmetric distribution of 
coolant gas, or else measurements should have been made with the 
swirler at many more angles. However, the general impression obtained 
from Figures 17 and 18 is that ejection with swirl seems, if anything, 
to lead to an increase in heat flux, and accordingly the matter was not 
pursued, but instead attention directed to straight-out ejection, which 
will be discussed in Section 6. 6. 
An explanation of the increase in heat flux produced by ejection 
with swirl is provided by the Reynolds analogy, which states that the 
ratio of the Nus selt number to the product of the surface friction 
coefficient and the Reynolds number is a constant depending upon the 
wall temperature and the longitudinal pressure gradient, or 
q 0( k (T - T) a 7: I 
where 
'L is the wall shear stress 
k is the thermal conductivity 
pis the dynamic viscosity. 
Now the main effect of the introduction of a coolant is to reduce the 
driving temperature difference, (T - T). and this is the basis on which 
a 
it works, but in ejection with swirl the coolant is injected tangentially 
into the boundary layer at the nose with very high velocity, much greater 
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than the average velocity of the uninjected boundary layer, with the 
result that the wall shear stress is increased manyfold. The results 
obtained would seem to indicate that the increase in r outweighs the 
reduction in (T a - T) and. the changes in the other quantities, particularly, 
k, Jl . If tangential injection into a boundary layer is to be instrumental 
in reducing heat flux it must be done with much less momentum flow 
for a given mass flow than was achieved in these experiments. 
In the light of the above remarks concerning the effects of 
ejection with swirl at zero incidence little will be said concerning the 
results at incidence, although the data is given in full in Tables 16 to 31. 
Figures 19 and 20, for example, show the changes in temperature in the 
plane of incidence for an incidence of 4 degrees. These changes in 
temperature can be interpreted as changes in heat flux by the relation 
( A . 4 q )deduced = 
0 
in keeping with the suggestion made at the end of Section 6. 2. 
6. 6. Effect of Straight-Out Ejection on Temperature and Heat Flux 
The changes in temperature and heat flux for straight-out ejection 
at zero incidence are shown in Figures 21 and 22. * According to both 
the temperature and heat flux results, the main feature is the initial 
increase in heat flux at stations 2, 3, 4 (corresponding to s/D = 0. 177, 
0. 237, 0. 297) produced by the ejection of helium, prior to an eventual 
decrease at the higher mass flow rates. The corresponding results for 
* In the figures the vertical scales are such that half an inch 
corresponds to 20°F in temperature, or to 0. 2 in tl qjq . 
0 
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nitrogen show an initial decrease, then an increase, with indications of 
an eventual decrease at the higher mass flow rates. This difference 
is no doubt associated with the different shock-bulging characteristics of 
the two gases. In Section 6. 3 it was reported that with helium the bow 
shock wave was bulged out at a mass flow coefficient of 0. 001, whereas 
with nitrogen it was not bulged out until the mass flow coefficient reached 
o. 004. 
The point is probably illustrated better in Figures 23 and 24, 
in which are shown distributions of heat flux deduced from the temperature 
measurements on the lines suggested at the end of Section 6. 2. The 
curve for nitrogen at C . = 0. 002 (Figure 23) is of a markedly different 
m 
shape from the curves for the other three cases of ejection. Moreover 
it corresponds to a reduction in heat flux along the entire body profile. 
As we have seen this case corresponds to the coolant being introduced 
with sufficiently little momentum that it does not cause the bow shock 
wave to bulge out. The other three cases (nitrogen at C . = 0. 006 in 
m 
Figure 23, and helium at C . = 0. 002 and 0. 004 in Figure 24) all correspond 
m 
to bulged-out bow shock waves. We note that although large reductions 
in heat flux are obtained in the vicinity of the nose, there is an increase 
further round the profile, corresponding to s/D = 0. 25 roughly. This is 
all in keeping with the results of McMahon1• He found large reductions 
in the average heat flux over the nose sector of a sphere of 60° included 
angle, but considerably smaller reductions over a sector of 120° included 
angle. 
The explanation for these results is to be found in the changed 
flow pattern. As has already been pointed out in Section 6. 3, when the 
ejected gas acts as a gas spike there is a roughly conical dead-air region 
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in the vicinity of the nose. The flow external to the boundary layer. 
instead of giving rise to a stagnation point at the nose, now has a 
11 stagnation circle" at the base of the conical dead-air region, along which 
the heat flux is increased, compared with that at the same station for 
no ejection. Inside the dead-air region McMahon has shown that the 
pressure is greatly reduced (see Section 6. 4). and this reduction in 
pressure is probably responsible for the reduced heat flux in the 
immediate vicinity of the nose. 
It is of interest to conside r the ratio of the reductions in heat 
transfer to the 11heat capacity'' of the ejected gas. The reduction in heat 
transfer is given by 
) - " q 0 z,y 0 ds ' 
and we will take as the 11 heat capacity" of the ejected gas the expression 
. 
m • (T - T ) 
stag plen 
This expression represents the amount of heat that the gas can absorb 
when its temperature is raised from that in the ple num chamber to the 
stagnation temperature of the main air flow. For nitrogen ejected straight 
out at C • = 0. 002, in which case the bow shock wave is not bulged out, 
m 
the ratio of the reduction in total heat transfer up to the station s/D = 1 
to the 11heat capacity" of the gas is about 1. 1. That this is more than 
unity implies that the nitrogen is acting more than as a blanket; that is, 
a greater reduction in heat transfer is being achieved than would 
correspond to the absorption by the nitrog en of the heat that would 
otherwise have been transferred to the model. The ratio of the reduction 
in the total heat transfer up to the shoulder ( s/D = 0. 459) to the 11 heat 
capacity" of the gas is about 0. 4 , which is still remarkably high. These 
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figure s should be compared with those for helium for t he same mass 
flow r ate, but now for a flow corresponding t o a bulg ed-out bow shock 
wa ve. T he ratio of t he reduc tion in t o tal heat tran sfer up to the station 
s/D = 1 t o the ' 'heat capa city!' o f t he gas is about 0. 1, which is less than 
one t enth of the value with nitrog en, and t he ratio based on the total heat 
tra nsf er up to t h e shoulder i s roughly zero. 
The implication w ould s eem t o be that if the gas can be ejected 
without causing the bow s hock wa v e t o bulge out, as is the case with 
nitrogen ej e cte d a t C . = 0. 002, then a stea dy r eduction i n heat flux with 
m 
increase in mass flow should be achieved. In other words, the momentum 
flow for a given mass flow should be kept down, so that on impingement 
with the air the coolant can be directed around the body without too much 
mixing and consequent r educt ion of its h eat alle viation properties. The 
importance of this observation is brought out by the results for nitrogen 
and helium ejected at a mass flow coefficient of 0. OOZ. Although it has 
five times the heat capacity and is one- seventh of the density, implying 
a thicker layer for the same mass flow and velocity, helium is not as 
effective as nitrogen in reducing the heat flux, simply because its heat 
alleviation properties are drastically reduced by mixing in this case. 
It would obviously be ex tremely interesting to perform some experiments 
with an ejection pipe of twice the diameter of that used in these experiments. 
A pipe of this size would e nable the momentum flow to be reduced to one 
quarter for the same mass flow, thereby delaying the bulging-out of the 
bow shock wave to higher mass flow rates, and thus probably achieving 
s ubstantial reduction in heat flux for quite small mass flow rates. 
The effects of inciden c e on the chang es in temperature for 
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straight-out ejection are shown in Figures 25, 26, 27, and 28, and from 
them the changes in heat flux can be deduced by the relation 
/j q 
q )deduced 
0 
= 
as suggested at the end of Section 6. 2. Figures 25 and 26 show that 
ejection tends to increase the temperature, and hence heat flux, on the 
windward meridian, presumably for the same reason that it tends to 
increase it at zero incidence. The heat flux in the neighborhood of the 
11 stagnation circle", which is now eccentric with respect to the nose of 
the model, is increased compared with that at the same station for no 
ejection. We note in Figure 25, for example, that the further back the 
station the greater the mass flow rate corresponding to the peak in the 
curves, presumably because the further back the station the greater 
the mass flow rate has to be to make the 11 stagnation circle" fall at 
that station. 
The importance of avoiding a bulged-out bow shock wave is 
brought out by the results for nitrogen at an incidence of 8 degrees 
(see Figure 26). It will be noted that the increase in temperature occurs 
only above a mass flow coefficient of 0. 004, which is the mass flow 
coefficient above which the nitrogen emerges as a gas spike and causes 
the bow shock wave to be bulged out (see Section 6. 3). Figure 27 shows 
that on the side meridian the results for 4 degree incidence are somewhat 
similar to those at zero incidence (see Figure 21). Figure 28 shows 
that on the leeward meridian a not unexpected reduction in temperature 
occurs. The results for the side and leeward meridians at an incidence 
of 8 degrees are similar. 
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6. 7. Effe ct of Straig ht- Out Ej e ction on an Uncooled Mode~ 
Figure 29 shows the tempe rature di stribution for various mass 
flow rates of the two coolants with no coolant water flow. In this case 
the temperature of the coolant gas could not be controlled, and it will be 
noted that the plenum chamber tempe rature, shown plotted along the 
ordinate axis in Fig ure 29, tended to rise as the mass flow rate was 
reduced, owing to the h eat acquir ed by the ga s on its passage through 
the tunnel to the model. The results are similar to those obtained by 
1 McMahon • We note in particular that four or five times the mass flow 
of nitrogen is required compared to that of helium to achieve the same 
reduction in temperature. Most of the cooling effect of helium is obtained 
at a mass flow coe fficient of 0. 002; increasing it to 0. 005 reduces the 
temperature only by a further 60 per cent. 
It will be noted in Figure 29 that the temperatures for C . = 0 and 
m 
for nitrogen with C • = 0. 002 decrease monotonically with distance back 
m 
from the nose, whereas all the other curves have a peak around 
s/D = 0. 25. It will be recalled that the first two cases correspond to 
non-bulged-out bow shock waves, whereas the r emainder correspond 
to flow patterns having bulged-out bow shock waves (see Section 6. 3). 
A much greater reduction in temperature was obtained with nitrogen in 
going from C • = 0. 002 to 0. 004, the bow shock being bulged out in the 
m 
latter case, than in going from C • ~:: 0 to C . = 0. 002. However, for 
m m 
the same increments in mass flow coefficients greater than 0. 004 the 
reductions achieved get appreciably less. It is indeed possible that if 
a mass flow coefficient of 0. 008 , say, could be achieved without bulging 
out the bow shock wave, (by having a larger ejection orifice, for example,) 
35 
then the reductions in temperature might well be greater than those 
obtained with a mass flow coefficient of 0. 008 and a bulged-out shock wave. 
This matter is being investigated further. 
Figure 30 shows the corresponding distributions of heat flux. 
It will be noted that there is an inflow of heat ahead of s/D = 0. 4, 
roughly, and an outflow aft of this station, in keeping with the temperature 
distributions. 
During these tests with no coolant water flow the model got 
sufficiently hot over the base that the radio cement joint started to leak 
(see Figure 2L and water seeped out into the dead air region behind the 
base. Here, because of the low pressure, it evaporated, and the 
associated cooling caused ice to form. In a few minutes the hitherto 
dead air region was a block of ice. Figure 31 is a photograph taken 
shortly after. After a while the leak stopped, but it took some twenty 
or thirty minutes for the ice to disperse. 
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7. Conclusions 
In the course of the investigation three ways of ejecting a coolant 
gas from the nose of a blunt body have become apparent, and something 
has been l ea rned about the heat transfer rates associated with them. 
The method that was t r ied initially was to encourage the coolant 
gas to flow tangentially t o the model surface at ejection by giving it 
some swirl in the ejection pipe. The method was successful in the sense 
that, except at the highest mass flow rates, t he coolant gas was ejected 
with very small d isturbance to the flow external to the boundary layer, 
as witnessed by the pressure distributions and schlieren studies. 
Unfortunately the swirling device employed was a little too crude to give 
a rotationally symmetric flow. The results obtained are therefore 
mainly qualitative, but they do indicate that this method of ejection is 
not a happy one as a means of easing the heating problem. Although the 
cool layers of coolant gas reduce the driving temperature difference, 
(Ta - T), the high tangential velocity with which the coolant is injected 
into the boundary layer increases the wall shear stress considerably, 
and hence, by the Reynolds analogy, the heat flux. The results seem to 
indicate that the increased shear predominates, at least for the conditions 
considered here. The matter was not therefore pursued further. 
Attention was then centered on " straight-out" ejection, but 
here two flow regi mes were found. Except at the lower mass flow rates 
the coolant gas emerged as a "gas spike" , causing the bow shock wave 
t o bulge out. The normal flow pattern is replaced by one in which, in 
the vicinity of the nose, there is a roughly conical dead-air region behind 
a roughly conical shock wa ve. The flow external to the boundary layer, 
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instead of giving rise to a stagnation point at the nose, now has a 
''stagnation circle'' at the base of the conical dead-air region. Inside 
the dead-air region we know from McMahon's results1 that the pressure 
is greatly reduced compared with the case of no ejection, and it is found 
that, associated with this reduced pressure, there is a greatly reduced 
heat flux. However, in the vicinity of the 11 stagnation circle" the pressure 
is somewhat above its value for the case of no ejection, and this fact, 
together with the greater heating ability of the impingent stream, leads to 
an increased heat flux in a region around the "stagnation circle". The net 
result is that, although the region of severest heating is shifted, the 
overall heat transfer rate is not greatly reduced, at least not unless 
high mass flow rates are employed. 
Because of its density the momentum flow rate of ejected helium 
was always sufficient to caus e the bow shock wave to bulge out, even at 
low mass flow rates. With nitrogen on the other hand, it was found that 
at the lower mass flow rates the momentum flow rates were not sufficient 
to disturb the external flow appreciably. With this method of ejection 
relatively large reductions in heat flux were obtained as long as the 
external flow was sensibly undisturbed, as was the case with nitrogen 
ejected at a mass flow coefficient of 0. 002. These reductions in total 
heat transfer over the model were of the order of the 11heat capacity" of 
the coolant nitrogen, where the "heat capacity" is d e fined for this purpose 
as the amount of heat that the gas can absorb in having its temperature 
raised from that at the source (i. e., in the plenum chamber) to the 
stagnation temperature of the main air flow. For h elium ejected at a 
mass flow coefficient of 0. 002, for which the bow shock wave is bulged 
out, the reduction in total heat transfer over the model was no more than 
one tenth of the "heat capacity" of the coolant gas. 
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Clearly the method of ejecting straight out, but without sufficient 
momentum flow to cause the bow shock wave to bulge out, seems 
extremely promising as a means of alleviating the heating problem. For 
a given mass flow the momentum flow can only be reduced by increasing 
the size of the ejection orifice. Varying the momentum flow for a given 
mass flow by this means would provide an extremely interesting experiment. 
The results obtained at incidence are qualitatively what would be 
expected on the basis of the results at zero incidence, when allowance is 
made for the fact that the stagnation point moves away from the nose; or, 
in the case of flow corresponding to a bulged-out bow shock wave, that the 
"stagnation circle•• is now eccentric. 
The investigation was started in the belief that the necessary heat 
flux information would be obtained from the use of the Hartwig heatmeters 2, 
but spurious and unexplained results were obtained with them, and instead 
the necessary information was obtained from the measurements of surface 
temperature. The philosophy of obtaining the heat flux by this means 
appears to lie in having a model with a thin skin of low thermal conductivity. 
The thinness of the skin ensures that the effects of longitudinal temperature 
gradients are negligible (at least in the steady state); the low thermal 
conductivity is necessary to ensure that, even although the skin is thin, 
there is a reasonable and measurable temperature difference across it. 
What is required in this technique is an accurate knowledge of both the 
outer and inner surface temperatures of the skin which should be of 
uniform thickness and thermal conductivity. In the present experiments 
the inner surface temperature was not measured, only deduced, and 
that somewhat crudely, but if necessary it could be measured as accurately 
as the outer surface temperature. 
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APPENDIX 1 
CONSTRUCTION OF OVEN 
A brass former, 3/16 inch larger than the model in profile, but 
somewhat shorter, was made. On this was built a 1/16 in. thickness 
of sauereisen, on top of which was wound the main heater of 20 gage 
(0. 032 in.) nichrome wire at a spacing of 0. 15 in. (see Figure 4). The 
heater was wound in such a way that the wire entered near the top of the 
oven, was wound to the bottom where it reversed direction and was 
wound back to the top a gain where it left the oven. Over this main heater 
was built a 1/8 in. thickness of sauereisen. A strip of mica, 4. 75 in. 
long and 3/8 in. wide, on which had been wound about 100 turns of 
0. 008 in. constantan wire and silver plated in the usual way to form a 
heatmeter, was then bent over the sauereisen. The constantan leads 
from this heatmeter left the oven near the top. Over this oven heatmeter 
was built a further 1/8 in. thickness of sauereisen, and on top of this 
was wound the oven bucking heater in the same manner as for the main 
heater, except that the spacing was about 0. 17 in. Over this bucking 
heater was built roughly another 1/8 in. of sauereisen. 
The oven lid was then constructed. This lid consisted of an 
annular piece of 3/16 in. thick transite of 5 in. outside diameter having a 
tapered hole to suit the profile of the model. Over this was placed two 
annular pieces of transite of 5 in. outside diameter and 3 in. inside diameter, 
the inside of which was built up with sauereisen as shown in Figure 4. In the 
sauereisen were embedded first an annular heatmeter formed on a ring of 
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mica in the same manner as the strip heatmeter in tj1.e main oven, and 
an annular bucking heater, consisting of a ring of transite wound with 
20 gage nichrome wire. The lid heatmeter was 1. 8 in. inside diameter 
and 2. 3 in. out side diameter. and the lid bucking heater was 1. 8 in. inside 
diameter and 2. 6 in. outside diameter. The lid was then completed 
by placing on the top another annular piece of transite of 5 in. outside 
diameter and just over It in. inside diameter. 
The lid was then attached to the main oven by woodscrews through 
the base of the lid which were built on to the main oven by sauereisen. 
(Not shown in Figure 4.) The whole assembly was then mounted on a 
piece of 1/4 in. thick transite, on which were mounted terminals for the 
six heater leads and the four ·h eatmeter leads. When the model was 
lowered into the finished oven there was a 3/16 in. air gap between it and 
the inner surface of the oven, with the base of the model some 0. 090 in. 
above the bottom of the oven lid: the surface area of the model exposed 
to the oven was therefore 5. 70 in. 2• During calibration a trickle of 
nitrogen was allowed to flow through the model to ensure that the gap 
between it and the oven was dry: to enable the nitrogen to escape a 
0. 042 in. diameter hole was drilled in the oven lid, as shown in Figure 4. 
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APPENDIX 2 
HEAT FLOW IN THE SKIN 
Consider the problem of the steady two-dimensional flow of heat 
in a thin flat-plate or skin. Take rectangular coordinates, x parallel to 
the skin surfaces and y normal to them. Let one surface of the skin, 
called the "inne r surface", correspond toy= 0, and the other surface 
of the skin, called the "wall", to y = y i• 
Consider the temperature function 
2 
ilT T Ti + (T - T . ) _:t_ 
yl 
)w _y_ = + ~ 8,T w 1 yl yl 0 0 
2 
a
2 T 2 3 
+ ( aT >w 
xy 
+ 
yl 
>w (3~ y yl ax ---z t) 87 -;-:-0 yl 0 yl 
This function is a harmonic function in x, y, and thus satisfies the equation 
of heat conduction, and it yields the following boundary properties: 
on y = 0, T= Ti' constant, 
and aT 1 (Tw - T.) + 
yl a 2 T 
>w ay- = ~ 87 yl 1 0 0 
aT yl a 2 T 2 ( )w X X + ax + T -::-z-)w ---r 
0 yl ax 0 yl 
T=T ( aT )w 1 
·a
2 T 2 
on y = y 1, + a x X + z -:-z-)w X w 
0 0 ax 0 
and 
aT 
ay 
We note th at T 
= 
w 
0 
_1 {T 
y l w o 
aT 
+ ( a x 
- T.) 
-1 
)w 
X 
0 yl 
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yl a2 T 
T --z-)w 
ax 0 
y1 a2 T 2 
>w 
X 
+ z-( aT --z 0 yl 
a2 T ) are the values of T, 
---:-2"' w 
ax 0 
aT 
ax 
llT 
-- on the wall y = y 1 at the point x = 0. At the point x = 0, the 
a x
2 
flux of h eat across the wall is gi ven by 
= 
aT 
ay>w = 
0 
and the flux of heat across the inner surface is given by 
q. 
1 
r= ( aT > ay i = 
0 
We note that these two flux es of h eat differ from the simple result 
= - T.) 1 
by a t e rm depending on the derivative of the longitudinal temperature gradient 
and on the thickness of the skin. Moreover, for a given heat flux, q, and a 
given s kin thickness, y 1, the temperature difference across the skin, 
- T. ), w ill be greater the lower the thermal conductivity, k. 
1 
For the case in which 
o o a2 T 
= 120 F, Ti = 80 F, y 1 = 0. 02 in., ( -::.-z- )w 
ax 0 
which values are typical of the present experiments, 
1 (T - T.) = 2000°F/in. 
yl wo 1 
whereas 
Y1 a2 T (-
T ax2 = 
which is n e gligible in comparison. 
TABLE 1 
MODEL ORDINATES, AND LOCATION OF 
PRESSURE ORIFICES, THERMOCOUPLES. AND HEATMETERS 
Station Distance Distance Distance Angle of 
aft of the laterally from the the Surface s/D 
Nose from the Nose along Profile to 
x (in.) Axis a Meridian the Axis 
y (in. ) s (in. ) Q (deg.) 
nose 0 0 0 90 0 
0.0015 0. 05 0.050 86.4 o. 033 
0.006 o. 1 o. 1005 8Z. 8 0.067 
0.014 o. 15 o. 151 79. 1 o. 101 
1 0.019 o. 1735 o. 175 77. z o. 117 
O..OZ55 o. z o.zoz 75. 1 o. 135 
0.041 o. Z5 O.Z545 70.8 o. 170 
z 0.0445 O.Z60 O.Z65 69.9 o. 177 
0.0605 o. 3 0.308 66. 1 o. Z05 
3 0.0815 0.34Z 0.355 61. 3 0. Z37 
0.0855 0.35 0.364 60. 7 O.Z43 
o. 1175 0.4 0.4Z35 54. 1 o.z8z 
4 o. 1305 0.417 0.445 51. 6 0. Z97 
o. 1595 0.45 0.4885 45.9 0. 3Z6 
5 0. 1935 o. 4815 0.535 39.0 0.357 
0. Z185 0. 5 o. 5665 33. 9 0.378 
6 0. Z705 0. 5Z8 O. 6Z5 Z3. 1 o. 417 
shoulder 0.330 0.546 0.688 10 0.459 
7 0.357 o. 551 0. 715 10 o. 477 
8 0.7015 o. 6115 1. 065 10 o. 710 
9 1. 046 o.67Z5 1. 415 10 0.943 
base 1. 487 o. 75 1. 86Z5 10 1.Z4Z 
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The equation of the elliptic fore body is ( x O. ~·7~75 )2 + ( O. ~sO )Z = 1 • 
The profile is straight from x = 0. 330 to the base (10 degree cone). 
The shoulder is the junction of the elliptic forebody to the conical afterbody. 
TABLE 2 
PERTINENT DATA ON TUNNEL AND MODEL 
Thnnel stagnation pressure 
:runnel stagnation temperature 
with pressure model, nominal 
with heat-flux model, nominal 
with heat-flux model, measured 
rrunnel Mach number I nominal 
mean in vicinity of model 
Stagnation pressure behind a normal shock 
Tunnel stagnation pressure 
Tunnel static pressure 
·lunnel stagnation pressure 
Tunnel kinetic pressure (i p V 2 ) 
00 00 
Tunnel. stagnatlon pressure 
'I\lnne1 static temperature 
1\lnnel stagnation temperature 
p V 1T (D/2) 2 , with pressure model 
00 00 with heat-flux model 
Model base diameter 
Model ejection orifice area 
Model surface area 
Model nose radius 
Model. base diameter 
6 atm. + 0. 02 
5. 8 + 
5. 85 - o. 04 
+ o. 033 - o. 001 
o. 00074 ± o. 00003 
o. 0177 ± 0. 0005 
+ o. 1275 - o. 0015 
0. 00202 slug./sec. 
0. 00193 slug./ sec. 
1. 5 in. 
o. 0000358 ft. 2 
2 o. 0427 ft. 
0.538 
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TABLE 3 
GAS PROPER TIES 
Gas Air N2 He 
Molecular weight 29. 0 28.0 4.0 
Ratio of the specific heats, 'I' 1. 40 1. 40 1. 67 
Prandtl number, p cp/k o. 71 o. 71 0.66 
Specific heat at constant 
pressure, c p 
in Btu/ slug. degR 7. 7 8.0 40 
in ft. 2/ sec. 2 degR 6000 6200 31000 
Dynamic viscosity at 59°F, p. 
in lb. sec. /ft. 2 -7 3, 75 X 10 6 -7 3, X 10 4, 1 X 10 -7 
:r'hermal conductivity, k 
in Btu/ft. sec. degR 41 X 10- 7 41 X 10- 7 250 X 10-? 
oF 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
19"0 
zoo 
210 
220 
230 
240 
250 
260 
270 
TABLE 4 
SILVER-CONSTANTAN THERMOCOUPLE CALIBRATION 
(FROM REFERENCE 2. FIGURE 5) 
REFERENCE JUNCTION 70°F 
millivolts 
0 1 2 3 4 5 6 7 
0 0.02 0.04 0.06 0.08 0. 10 o. 12 0.14 
o. 21 o. 23 0.25 0.27 o. 29 0.31 0.33 0.36 
0.42 0.44 0.46 o. 48 0.50 0.52 0.55 0.57 
0.63 0.65 0.67 o. 70 0. 72 0.74 0.77 0.79 
0.85 0.88 0.90 0.92 o. 95 0.97 0.99 1. 02 
1. 08 1. 11 1. 13 1. 15 1. 17 1. 20 1. 22 1. 24 
1. 31 1. 33 1. 36 1. 38 1. 40 1. 42 1. 45 1. 47 
1. 53 1. 56 1.58 1. 60 1. 62 1. 65 1. 67 1. 70 
1. 77 1. 79 1. 82 1. 84 1. 86 1. 88 1. 91 1. 93 
2.01 2.03 2.06 2. 08 2. 11 2. 13 2. 16 2. 18 
2. 2 7 2. 29 2. 31 2. 34 2. 37 2.39 2. 41 2.43 
2. 51 2. 53 2. 55 2. 58 2. 61 2.63 2.66 2. 68 
2. 76 2. 78 2. 81 2. 83 2. 86 2.88 2. 91 2. 93 
3.02 3.04 3.07 3. 10 3. 12 3. 15 3. 18 3.20 
3.28 3.30 3.33 3.36 3.38 3.41 3.43 3. 46 
3. 54 3.57 3.59 3.62 3.64 3.67 3.70 3.72 
3.80 3.83 3.86 3.88 3. 91 3.94 3.97 4.00 
4. 07 4. 10 4.12 4. 15 4. 17 4. 20 4.23 4. 26 
4. 33 4.37 4.39 4.42 4.45 4. 47 4.50 4.52 
4. 60 4.63 4.66 4.68 4.71 4. 74 4.77 4. 79 
4. 87 
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8 9 
o. 17 o. 19 
0.38 o. 40 
0.59 o. 61 
o. 81 0.83 
1. 04 1. 06 
1. 26 1. 28 
1. 49 1. 51 
1. 72 1. 74 
1. 96 1. 98 
2. 21 2. 24 
2.46 2. 48 
2. 71 2. 73 
2. 96 2.99 
3.23 3. 26 
3.49 3.52 
3. 75 3. 78 
4.02 4. 05 
4.28 4. 31 
4.55 4. 57 
4. 82 4. 84 
TABLE 5 
PLENUM CHAMBER PRESSURE AND TEMPERATURE 
PRESSURE MODEL 
Gas Nitrogen Helium 
Angle of 
Incidence 0 4 8 
-
0 
de g. 
cP /Cp T OF cP /Cp plen plen 0 (Average plen 0 
for all 
Incidences 
* 
c. = 0 1. 00 0.99 o. 99 180 1. 00 
m 0.0004 1. 14 
0.0010 1. 06 179 1. 34 
0.0016 1. 63 
0.0020 1. 14 1.11 1.11 177 1. 88 
0.0026 2. 59 
0.0030 1. 32 174 
0.0040 1. 52 1. 48 1. 50 169 3.93 
0.0050 1. 75 162 
0.0060 2. 04 2. 02 2.07 154 5.75 
0.0080 2. 73 2. 75 2. 77 135 
48 
T plen 
180 
178 
167 
147 
131 
119 
110 
100 
* These are average v.flu5s: the individual measurements were fairly 
scattered, by about - 5 F. 
oF 
TABLE 6 
PLENUM CHAMBER PRESSURE AND TEMPERATURE 
HEAT-FLUX MODEL 
SWIRLER AT 45° 
Gas Nitrog en Heliwn 
Angle of 
Incidence 0 4 8 0 4 
peg. 
/cp cP 
plen 0 
~ .• = 0 0.98 0.99 0.98 0.98 0.99 m 0.0021 1.11 1. 09 1. 08 1. 85 1. 81 
0.0032 2.86 2.85 
0.0042 1. 46 1. 41 1. 42 4. 10 4. 15 
0.0049 4.56 4. 58 
0.0063 1.. 94 2.00 1. 96 
0.0084 2.58 2.69 2. 65 
49 
8 
o. 98 
1. 88 
2.94 
4. 13 
4. 78 
Note: With the swirler at 45° the p~enwn chamber temperature was 79°F, 
with a maximum deviation of - 2°, throughout. 
Gas 
TABLE 7 
PLENUM CHAMBER PRESSURE AND TEMPERATURE 
HEAT-FLUX MODEL 
SWIRLER AT 90° 
Nitrogen Helium 
Angle of 
Incidence 0 4 8 0 4 8 
de g. 
c. = m 
Note: 
cP /cp 
plen o 
0 .0. 99 1. 01 1. ·o l. 0.99 1. 01 1. 01 
0.0020 1. 10 1. 08 1. 08 1. 72 1. 69 1. 72 
0.0030 2.66 2.65 2.67 
0.0040 1. 43 1. 36 1. 35 3.50 3.61 3. 64 
0.0050 4.35 4.38 4. 41 
0.0060 1. 84 1. 80 1. 83 
0.0080 2. 47 2.44 2.45 
With the swirler at 90° the plenum c_fa:mber temperature was 
80°F, with a maximum deviation of- 2°, throughout. 
50 
Gas 
TABLE 8 
PLENUM CHAMBER PRESSURE AND TEMPERATURE 
HEAT-FLUX MODEL 
SWIRLER REMOVED 
Nitrogen Helium 
Angle of 
Incidence 0 4 8 0 4 8 
de g. 
c. = m 
Note: 
cP /cp 
plen 0 
0 1. 01 1. 03 1. 00 1. 01 1. 03 1. 00 
0.0010 0.90 1. 06 1. 03 
0.0020 0.97 1. 01 1. 01 0.92 1. 05 1. 23 
0.0040 0.97 1. 11 1. 10 2.14 2. 13 2. 16 
0.0050 2.72 2.74 2.72 
0.0060 1. 12 1. 19 1. 38 
0.0080 1. 52 1. 53 1. 62 
With the swirler removed the plen~ chamber temperature was 
80°F, with a maximum deviation of - 2°, throughout. 
51 
Angle of 
Incidence 0 
de g. 
Mendian 
--
w1ndward 
s/D-= 0. 117 0.95 0. 97 
o. 177 o. 88 o. 93 
o. 237 o. 75 o. 82 
0.297 0.57 0.64 
o. 357 o. 37 0. 43 
0. 417 o. 17 o. 22 
0.477 0.09 0. 12 
0. 710 o. 08 o. 10 
0.943 o. 07 0.09 
~ ------------
* 
TABLE 9 
PRESSURE 
NO EJECTION 
c. = 0 
m 
4 
side 
* 
leeward Wlndward 
* 
pressure coefficient ratio, Cp/Cp 
0 
0.97 0.95 0.93 o. 91 0.99 0. 99 
0. 91 0.87 0.84 0.83 0. 97 0.93 
0. 79 o. 74 o. 70 0.68 0. 87 0.82 
0. 61 0.57 0.52 o. 50 0.69 0.66 
0.42 0.37 0.33 0.32 0.51 0.45 
0.20 o. 17 0. 15 o. 14 0. 26 0.23 
0. 10 0.09 0.07 0.06 0. 15 0. 12 
o. 09 0.07 0. 06 0.06 o. 13 o. 11 
0.08 0.06 0.05 0.05 0. 11 0.08 
~-
- -----
* These meridians are at 45° to the ones on either side. 
8 
side 
* 
0.93 0.90 
o. 86 0. 80 
o. 74 0. 65 
0.56 0.47 
o. 37 0.29 
0.17 o. 13 
0.09 0.06 
0. 07 0.05 
0.06 0.04 
~ 
leeward' 
0.87 
0. 77 
o. 62 
0.45 
0.28 
0. 11 
0.04 
0.05 
0.03 
V1 
N 
Angle of 
Incidence 0 
deg:. 
Meridian 
--
windward 
s/D = 0. 117 0.95 0. 97 
0.177 o. 88 o. 92 
o. 237 0. 75 0.82 
0.297 0.57 0.64 
0.357 o. 37 
0.417 o. 17 0. 22 
0.477 0.09 o. 12 
o. 710 0.08 o. 10 
0.943 0. 07 0.09 
TABLE 10 
PRESSURE 
NITROGEN EJECTED WITH SWIRL 
c . = 0. 002 
m 
4 
* 
side 
* 
leeward windward 
pressure coefficient ratio, cp~cp 
0 
0.97 0.94 0. 91 0.89 0.98 
o. 92 0.87 0.83 0.83 0.97 
0.78 0. 74 0.70 0.67 0. 87 
o. 61 o. 56 0. 52 0. 51 0.69 
0.42 o. 37 0.33 0.32 0. 51 
0.20 o. 17 0. 15 o. 14 0. 26 
0. 10 o. 09 0.07 0.07 0. 15 
0.09 o. 07 0.06 0.05 0. 13 
o. 08 o. 06 o. 05 o. 05 o. 11 
--~-- - --- -
* These meridians are at 45° to the ones on either side. 
8 
* 
side 
0. 99 0.93 
0.93 0. 86 
0.82 0. 74 
0.66 0.56 
0.45 0. 37 
o. 23 o. 17 
0. 12 0.09 
0. 11 o. 07 
o. 08 0.06 
* 
0.88 
0.80 
0. 65 
0.47 
0. 29 
o. 13 
0.06 
o. 05 
0.04 
leeward 
0.86 
0. 77 
0.60 
0.45 
0.27 
0. 11 
0.04 
0.05 
0.03 
Ul 
Ul 
Angle of 
Incidence 0 
de g. 
Meridian 
--
w1ndward 
s/D = 0. 117 0.94 l. 01 
o. 177 0. 89 0. 92 
0. 237 0. 74 o. 82 
0. 297 o. 57 0.64 
0.357 o. 37 0.43 
0.417 0. 17 0.22 
0.477 0. 09 o. 12 
0. 710 o. 08 0. 10 
0.943 0.07 o. 09 
TABLE 11 
PRESSURE 
NITROGEN EJECTED WITH SWIRL 
c . = 0. 004 
m 
4 
* 
s1de 'I' leeward w1ndward 
pr~ssure coefficient ratio. c_p"cp 
0 
0.99 0.88 0. 86 0.87 0.98 
0.93 0.90 0.83 0.83 0.96 
o. 81 o. 73 0. 71 0.68 0.87 
0. 61 o. 57 0. 52 0.52 0.69 
0.42 o. 37 0. 33 0.32 o. 51 
0.20 o. 17 0. 15 0. 14 0.26 
0. 10 o. 09 0.07 0.06 0. 15 
0.09 0.07 0.06 0. 05 o. 13 
0.08 o. 06 0. 05 o. 05 o. 11 
* These meridians are at 45° to the ones on either side. 
8 
'I' s1de 
0.99 0.95 
0.93 0. 88 
0. 82 o. 73 
0.66 0. 56 
0. 45 o. 37 
0. 23 0. 17 
o. 12 0.09 
o. 11 0.07 
o. 08 o. 06 
* 
0.81 
0. 77 
0.65 
0.47 
0.29 
0. 13 
0.06 
o. 05 
0.04 
leeward 
0. 86 
0. 77 
0.58 
o. 41 
0.27 
0.12 
0.04 
0.05 
0.03 
Ut 
• 
Angle of 
Incidence 0 
de g. 
Meridian 
--
Wlndward 
s/D = 0. 117 0.90 0. 94 
o. 177 o. 91 1. 00 
o. 237 0. 73 0. 85 
o. 297 0.58 o. 67 
0.357 0.37 0. 43 
0.417 o. 17 0.22 
0.477 0.09 o. 11 
o. 710 0.08 o. 10 
0.943 o. 07 o. 09 
-
TABLE12 
PRESSURE 
NITROGEN EJECTED WITH SWIRL 
c . = 0. 006 
m 
4 
"' 
s1de 
"' 
.Leeward w1ndward 
pressure coefficient ratio, c~cp 
0 
o. 86 0. 74 0.81 0.86 I. 05 
I. 05 0.88 0.84 0.83 0.96 
0.81 o. 74 o. 71 0.69 0.86 
0.62 o. 57 o. 53 0.52 0. 68 
0.42 0.37 o. 33 o. 32 0.50 
o. 20 0. 17 o. 15 0.14 0.25 
o. 10 0.09 0.07 0.05 o. 15 
0.09 0.07 0.06 0.05 o. 13 
0.08 0.06 0. 05 0.05 0. 11 
* These meridians are at 45° to the ones on either side. 
8 
"' 
s1de 
1. 04 0.90 
0.93 0.88 
o. 83 o. 73 
0.66 0.55 
0.45 0.37 
o. 23 0. 17 
o. 12 0.08 
0. 11 0,07 
0,08 0.06 
"' 
0. 73 
0. 69 
0.64 
o. 48 
0. 29 
o. 13 
0.05 
0.04 
0.04 
.Leeward 
0.67 
0.77 
o. 58 
0.41 
0.26 
o. 11 
0.04 
0.05 
0.03 
U1 
U1 
Angle of 
Incidence 0 
de g. 
Meridian 
--
windward 
s/D = 0. 117 0.82 o. 77 
o. 177 0.93 0.99 
o. 237 0. 76 o. 92 
o. 297 0.56 0. 70 
0.357 o. 3 7 0.44 
0.417 o. 16 o. 21 
0. 477 0.08 0. 11 
0. 710 o. 08 0. 10 
0.943 0.07 0.09 
TABLE 13 
PRESSURE 
NITROGEN EJECTED WITH SWIRL 
c . = o. 008 
m 
4 
>;< side >;< leeward windward 
pressure coefficient ratio, Cp/Cp 
0 
0. 78 o. 72 o. 79 0.76 1. 14 
1. 02 0.85 0.83 0.81 0.98 
0.87 0. 77 0. 71 o. 70 0.86 
o. 64 o. 57 0.52 0.50 0.68 
0.42 0.37 0.33 o. 32 0.50 
0. 20 0. 17 0. 15 o. 14 o. 25 
o. 10 0.09 0.07 0.05 o. 15 
0.09 0.07 0.06 0.05 o. 13 
0.08 0.06 0.05 0.05 0. 11 
* These meridians are at 45° to the ones on either side. 
8 
>;< side 
1. 08 0.83 
1. 01 0.83 
0.93 o. 72 
0.69 0.56 
0.45 0.37 
o. 23 0. 16 
o. 12 0.08 
0. 11 o. 07 
o. 08 0.06 
* 
0.64 
0.59 
o. 62 
0. 45 
0. 29 
0. 13 
0.05 
0.04 
0.04 
leeward 
o. 52 
0.75 
0.54 
0. 3 7 
0.25 
0. 11 
0.04 
0.04 
0.03 
0\ 
0' 
c. 
m 
s/D = 0. 117 
0. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
o. 943 
TABLE14 
PRESSURE 
HELIUM EJECTED WITH SWIRL 
ZERO INCIDENCE 
0.0004 0.001 0.0016 0.002 
pressure coefficient ratio, 
0.94 0.95 0.94 0.92 
0. 88 0.88 0.90 0.94 
0.74 o. 73 o. 72 0. 69 
o. 57 0.56 0. 57 0.57 
0. 37 0.37 0. 37 0. 37 
o. 17 o. 17 o. l 7 o. l 7 
0. 09 o. 09 0. 09 0.09 
0.08 0.08 0.08 0.08 
o. 07 0. 07 0. 07 0. 07 
57 
0.0026 0.004 0.006 
Cp'Cp 
0 
0.88 0. 79 0.64 
o. 97 0.93 0.88 
0.70 0.69 0.69 
0.56 0.52 0.48 
0.37 0.37 o. 3 7 
o. 16 0. 16 o. 16 
0.09 0.08 0.08 
0.08 0.08 0.08 
0.07 0.07 o. 07 
Angle o£ 
Incidence 
deg• 
[Mend1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
TABLE 15 
TEMPERATURE AND HEAT FLUX 
NO EJECTION 
c. = 0 
m 
0 4 
--
w1nctward s1de leeward w1ndward 
temperature, T - degF 
129 129 129 126 127 
127 127 127 123 127 
126 127 126 122 127 
119 122 120 116 122 
112 114 113 108 115 
103 104 103 101 105 
97 98 97 94 99 
94 95 94 93 95 
93 94 93 92 94 
heat-flux ratio, q,/q 
0 
o. 91 0.95 o. 91 0.88 1. OS 
0.81 0.82 0.79 o. 79 0.88 
0.72 o. 76 o. 71 0.70 0.80 
0.59 0.63 0.59 o. 56 0.68 
0.48 o. 52 0.48 0.41 o. 58 
0.33 o. 38 o. 33 0.29 0.42 
0.22 0.25 0.20 o. 18 0.29 
0. 18 o. 22 o. 18 0. 14 0.27 
o. 17 o. 21 o. 18 o. 14 0.25 
58 
8 
s1de leeward 
129 124 
127 121 
125 120 
119 112 
112 105 
103 96 
97 91 
93 89 
92 89 
0.93 0.86 
0.81 0. 73 
o. 71 o. 72 
0.58 0.54 
0.48 0.38 
0.32 0.27 
0.20 0. 16 
0. 18 0. 12 
o. 16 o. 12 
Angle of 
Incidence 
deg. 
Mer1d1an 
s/D = 0. 117 
0. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 16 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 45° 
c . = 0. 0021 
m 
0 4 
--
w1ndward side leeward windward 
temperature, T - degF 
135 134 132 
130 132 128 
127 126 123 
122 121 119 
113 114 109 
104 104 100 
98 98 95 
96 94 94 
96 94 94 
heat-flux ratio, qjq 
0 
0.91 1. 01 0.89 0.97 
1. 00 0.98 1. 02 1. 00 
0.81 0.86 0.71 
0.53 0.66 0.52 0.65 
o. 41 0.34 0.26 
o. 19 0.24 o. 20 o. 28 
0. 19 o. 21 o. 17 o. 26 
o. 19 0.27 0.16 
59 
8 
side J.eeward 
132 126 
130 123 
125 119 
121 114 
116 108 
104 99 
98 95 
94 94 
95 95 
0.92 
1. 00 
0.85 0.80 
0.53 
0.34 o. 34 
0.18 
o. 17 
o. 17 O.lZ 
Angle of 
Incidence 
de g. 
Meridian 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
s/D = 0.117 
o. 177 
0.237 
o. 297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 17 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 45° 
c . = o. 0042 
m 
0 4 
--
w1ndward s1de leeward w1ndward 
temperature, T - degF 
137 143 135 
135 142 131 
129 131 125 
123 125 120 
115 115 110 
104 103 100 
98 9 8 95 
96 93 93 
96 94 93 
heat-flux ratio, qjqo 
0.96 1. 08 o. 91 1. 04 
0.98 0.99 1. 09 0.99 
0.84 0.84 0.68 
o. 53 0.59 o. 51 o. 65 
0.39 0.30 0. 19 
o. 19 o. 24 o. 19 o. 28 
o. 17 0.22 o. 16 o. 25 
o. 18 0.24 o. 15 
60 
8 
s1de leeward 
142 131 
134 126 
127 123 
121 116 
116 108 
104 99 
98 97 
94 96 
95 95 
0. 93 
1. 08 
0.86 0.81 
o. 51 
0.33 o. 29 
o. 21 
o. 17 
0. 16 o. 10 
Angle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
o. 177 
o. 237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = 0. 117 
0.177 
o. 237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 18 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 45° 
c . = o. 0063 
m 
0 4 
--
Windward s1de .Leeward w1ndward 
t emperature, T- degF 
146 145 137 
144 151 138 
134 138 130 
126 129 122 
115 116 111 
104 105 99 
98 99 94 
96 93 91 
96 94 91 
heat-flux ratio, qjqo 
0.98 1. 05 0.90 1. 17 
1. 09 1. 02 1. 04 0.98 
0.89 0.84 0.70 
0.51 0.59 0.47 0.64 
o. 36 0.28 o. 14 
0. 17 o. 22 0. 18 0.28 
o. 16 o. 21 o. 12 o. 25 
o. 17 0.22 o. 14 
61 
8 
s1de .Leeward 
149 133 
152 131 
137 125 
127 118 
115 110 
103 99 
97 95 
93 93 
94 93 
0.98 
1. 16 
0.87 0.74 
0.52 
0.32 o. 22 
0.20 
o. 16 
o. 16 0.08 
Angle of 
Incidence 
de g. 
Merid~an 
s/D = 0. 117 
o. 177 
O.Z37 
o. 297 
0.357 
0.417 
0.477 
0. 710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
o. 297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 19 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 45° 
c . = o. 0084 
m 
0 4 
--
w1ndward s1de leeward Wlndward 
temperature, T - degF 
150 145 139 
147 151 14Z 
136 141 133 
128 131 124 
116 116 111 
104 104 101 
98 99 95 
96 95 92 
96 96 93 
heat-flux ratio, qfqo 
o. 87 0.89 0.83 1. 30 
1. 10 1. 18 1. 00 1. 14 
0.88 o. 96 o. 70 
0.50 o. 58 0.44 0.64 
o. 31 0. 28 o. 13 
o. 12 o. 18 0.14 o. 29 
o. 15 0.20 0. 10 0.24 
o. 14 o. 25 o. 13 
6Z 
8 
s1de leeward 
137 130 
155 1Z8 
145 1ZZ 
133 117 
115 108 
102 98 
98 93 
94 92 
96 91 
0.81 
1. 31 
0.67 
0.49 
o. 18 
o. 17 
o. 16 
0.05 
Angle of 
Incidence 
de g. 
Meridian 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
sjD = o. 117 
o. 177 
0.237 
o. 297 
o. 357 
0.417 
0.477 
o. 710 
o. 943 
TABLE 20 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 45° 
c . = o. 0021 
m 
0 4 
--
windward Side leeward windward 
temperature, T- degF 
143 141 138 
143 148 137 
134 136 131 
126 126 123 
115 115 111 
108 103 100 
97 96 94 
96 93 91 
95 94 90 
heat-flux ratio, qjqo 
0.95 0.80 0.85 1. 13 
1. 01 0.99 1. 03 1. 04 
o. 91 0.77 o. 71 
o. 51 0.44 o. 65 
o. 26 o. 15 o. 17 
o. 13 o. 17 o. 12 0.27 
o. 17 o. 11 0.25 
o. 12 o. 11 o. 07 
63 
8 
side leeward 
146 139 
152 133 
137 130 
126 118 
115 108 
103 96 
97 90 
93 86 
94 88 
0.93 
1. 14 
o. 82 0.53 
o.so 
o. 36 0.08 
o. 20 
o. 16 
o. 17 -0.02 
Angle of 
Incidence 
de g. 
Mer1d1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
s/D = 0. 117 
o. 177 
o. 237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 21 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 45° 
c . = o. 0032 
m 
0 4 
--
w1ndward s1de l.eeward w1ndward 
temperature, T - degF 
152 146 143 
148 152 144 
136 140 134 
126 130 124 
115 115 110 
102 102 99 
96 96 93 
94 93 91 
93 94 91 
heat-flux ratio, qjqo 
o. 83 o. 65 0.86 1. 19 
1. 07 1. 10 0.94 1. 05 
o. 81 0.85 0.68 
0.48 0.38 0.65 
0.20 o. 17 o. 12 
0.06 o. 10 0.08 0.26 
o. 15 0.07 0.25 
0.09 o. 13 o. 04 
64 
8 
s1de l.eeward 
144 143 
156 138 
143 132 
130 120 
115 109 
102 96 
97 91 
92 87 
94 88 
0.84 
0.98 
o. 83 0.59 
0.42 
0.32 0.07 
o. 14 
o. 10 
o. 17 -0.03 
!Angle of 
Incidence 
de g. 
Meridian 
s/D = 0. 117 
o. 177 
o. 237 
0.297 
0.357 
o. 417 
0.477 
0. 710 
. 0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
TABLE 22 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 45° 
c . = o. 0042 
rn 
0 4 
--
w1ndward side leeward w1ndward 
temperature, T - degF 
156 154 149 
150 157 147 
142 143 135 
126 131 124 
115 115 111 
103 102 99 
96 97 93 
95 94 91 
95 95 92 
heat-flux ratio, q/qo 
0.72 o. 51 o. 75 0.62 
1.11 1. 12 o. 97 1. 29 
0.66 0.75 0.62 
0.46 o. 37 0.64 
o. 11 o. 11 0.08 
-0.03 0.02 -0.01 o. 14 
0. 14 0.05 0.24 
0.03 0.08 0.00 
65 
8 
side leewara 
138 142 
152 139 
142 129 
129 118 
111 107 
99 94 
94 89 
91 85 
93 87 
o. 83 
0.61 
0.84 6.58 
0.27 
0.28 0.04 
0.08 
-0.01 
o. 17 -0.04 
Angle of 
Incidence 
de g. 
Mer1d1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = 0.117 
o. 177 
0. 237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 23 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 45° 
c . = 0. 0049 
rn 
0 4 
--
Wlndward side . leeward Wlndward 
temperature, T - degF 
154 156 151 
148 159 147 
134 142 135 
125 131 124 
114 115 110 
102 102 99 
99 98 93 
95 94 91 
95 95 92 
heat-flux ratio, qjqo 
0.69 0.49 0. 73 0.50 
1. 10 1.11 0.97 1. 27 
0.64 o. 70 o. 56 
0.43 0.36 0.64 
0.09 0.09 0.06 
-0.05 o.oo -0.03 0.09 
o. 14 0.05 0.24 
o. 01 0.07 -0.01 
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s1de leeward 
138 140 
150 141 
141 127 
130 116 
111 104 
98 94 
94 89 
90 84 
93 85 
0.84 
0.57 
0.80 0.59 
o. 24 
0.26 0.04 
o. 06 
-0.03 
o. 17 -0.04 
Angle of 
Incidence 
de g . 
Mer~d~an 
s/D = 0. 117 
0. 177 
o. 237 
0.297 
0.357 
0.417 
0.477 
0.710 
0. 943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 24 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 90° 
c . = o. 002 
m 
0 4 
--
w~ndward s~de leeward w~ndward 
temperature, T- degF 
128 130 129 127 131 
126 128 125 123 132 
124 126 125 124 131 
118 121 118 114 125 
110 114 110 106 118 
101 104 102 97 108 
96 98 96 92 103 
93 95 93 91 98 
93 94 92 91 96 
heat-flux ratio, qjqo 
o. 94 1. 00 0.89 0.66 1. 10 
0.80 0.85 o. 80 0.77 0.95 
o. 73 o. 73 0.72 0.62 o. 79 
0.58 o. 64 . 0.58 0.49 o. 73 
0.46 o. 53 0.48 0.38 o. 61 
o. 33 0.37 o. 31 o. 26 0.42 
0. 21 o. 25 o. 19 0. 16 0.30 
0. 17 0.24 o. 18 o. 15 0.29 
0. 17 o. 22 o. 18 o. 13 0.26 
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s~de J.eeward 
127 127 
124 121 
123 123 
117 113 
110 105 
101 95 
95 89 
92 89 
92 
0.90 0.66 
0.80 o. 61 
o. 72 0.69 
o. 59 0.49 
o. 48 0.30 
0. 33 0.26 
o. 21 o. 15 
o. 18 o. 10 
o. 18 o. 12 
Angle of 
Incidence 
de g. 
Mer1d1an 
s/D = 0. 117 
0.177 
0.237 
0.297 
0.357 
0.417 
0.477 
. o. 710 
0.943 
sjD = o. 117 
o. 177 
0.237 
o. 297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 25 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 90° 
c . = o. 004 
m 
0 4 
--
w1ndward side leeward w1ndwara 
temperature, T - degF 
128 141 133 126 132 
127 136 127 123 130 
126 133 127 122 129 
119 124 120 114 124 
111 116 111 105 117 
102 105 102 96 108 
96 99 96 91 102 
93 96 93 89 97 
92 94 92 90 96 
heat-flux ratio, qjqo 
0.96 1. 01 1. 00 0.81 
o. 82 0.95 0.84 0.78 0.95 
0.74 o. 73 o. 79 0.68 o. 79 
o. 57 0.64 o. 61 o. 50 o. 74 
0.46 0.53 0.48 0.38 0.62 
o. 33 o. 37 0.32 0.28 o. 42 
0.20 0.25 0.20 o. 15 0.31 
o. 17 0.23 o. 18 o. 13 0.29 
o. 17 o. 22 o. 17 o. 14 0.26 
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side Ieewara 
128 125 
124 121 
124 120 
118 112 
111 103 
101 94 
96 89 
92 88 
92 88 
0.96 o. 75 
0.81 o. 71 
o. 73 0. 74 
0.59 o. 43 
0.48 0.33 
o. 32 0.27 
o. 20 o. 12 
o. 18 o. 10 
o. 18 o. 12 
Angle of 
Incidence 
de g. 
Mer1c11an 
s/D = 0. 117 
o. 177 
o. 237 
0.297 
o. 357 
0.417 
0.477 
o. 710 
0.943 
sfD = o. 117 
o. 177 
o. 237 
o. 297 
0.357 
0.417 
0.477 
0. 710 
0.943 
TABLE 26 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 90° 
c . = 0. 006 
m 
0 4 
--
Wlndward side leeward WJ.ndward 
temperature, T- degF 
129 147 137 123 148 
127 147 135 122 138 
127 143 135 121 136 
119 128 123 115 127 
110 117 112 104 119 
100 105 101 95 108 
94 98 95 91 102 
91 94 92 88 96 
91 93 91 90 95 
heat-flux ratio, qfqo 
0.95 1. 24 0.97 0.88 1.11 
0.82 1. 04 o. 97 0.83 0.94 
o. 77 0.84 o. 91 0.74 0.79 
o. 58 0.66 0.63 0.57 o. 72 
0.45 0.54 0.49 0.38 0.60 
0.33 0.38 0.32 0.27 0.42 
o.zo o. 25 o. 17 o. 14 0. Z9 
o. 15 o. 23 0. 17 o. 11 O.Z9 
0. 17 0.22 0.18 o. 13 o.zs 
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side leeward 
132 124 
127 119 
127 117 
119 110 
110 101 
101 93 
95 88 
91 86 
91 87 
1. 16 0.89 
0.82 0. 7Z 
0.85 o. 71 
o. 61 o. 48 
0~ 48 0.30 
0.3Z 0.25 
o. 19 o. 11 
0. 18 0.06 
o. 18 o. 10 
Angle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
0. 177 
0.237 
o. 297 
0.357 
0.417 
0.477 
0.710 
0.943 
E(D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 27 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED WITH SWIRLER AT 90° 
c . = o. 008 
m 
0 4 
--
w1ndward side leeward w1ndward 
temperature, T- degF 
128 135 135 123 162 
128 144 133 123 146 
126 144 133 123 143 
119 130 123 115 131 
108 117 112 104 121 
98 104 100 95 110 
92 98 94 89 103 
90 93 91 87 97 
90 93 91 89 95 
heat-flux ratio, qfqo 
1. 04 1. 10 0.95 0.98 1. 61 
o. 82 1.11 0.87 0.85 0.98 
0.84 0.94 0.89 o. 75 0.81 
0.61 0.67 0.62 0.58 o. 72 
0.43 o. 52 0.47 0.37 0.60 
0.32 0.38 0.29 0.28 0.42 
0. 18 0.24 o. 15 0. 15 0.29 
o. 12 o. 21 o. 16 0 . 08 o. 28 
o. 16 o. 23 o. 17 o. 13 o. 26 
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s1de leeward 
137 123 
135 119 
133 117 
124 111 
112 101 
101 93 
95 90 
92 85 
92 88 
1. 08 0.80 
1. 06 0.69 
0.95 0.66 
0.66 0.48 
0.49 0.29 
0.30 o. 17 
o. 17 0.08 
0. 18 0.03 
o. 21 0.06 
Angle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
0. 710 
0.943 
s/D = 0. 117 
o. 177 
o. 237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 28 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 90° 
c . = 0. 002 
m 
0 4 
--
windward s1de leeward w1ndward 
temperature, T - deg F 
136 133 139 129 149 
133 141 134 127 141 
132 142 132 126 137 
124 129 123 120 127 
113 117 113 110 119 
102 104 102 101 108 
97 98 97 96 102 
93 94 93 93 96 
92 93 92 91 95 
hea_t-flux ratio, qjqo 
1. 04 1.11 0.97 0.98 1. 07 
0.77 0.92 0. 86 0.82 0.87 
o. 77 0.84 o. 82 o. 81 0.85 
0.60 0.66 0.58 0.57 0.69 
0.36 0.49 0.44 0.33 0.55 
0.30 0.39 0.26 o. 29 o. 43 
o. 18 0.24 o. 14 0. 12 o. 28 
0.08 o. 19 o. 14 0. 07 o. 26 
0. 16 o. 23 o. 15 0. 14 0.27 
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s1de leeward 
136 126 
132 121 
132 118 
127 114 
118 104 
103 96 
98 93 
96 90 
94 88 
1. 14 0.81 
0.83 0.62 
0.84 o. 72 
0.59 0.39 
o. 46 o. 21 
0.30 o. 17 
0. 18 -0.02 
o. 18 o.oo 
o. 18 0.06 
Angle of 
Incidence 
de g. 
Meridian 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
0.710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
o. 357 
0.417 
0.477 
o. 710 
0.943 
TABLE 29 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 90° 
c . = o. 003 
m 
0 4 
--
windward side leeward Windward 
temperature, T - degF 
129 121 133 126 165 
127 129 130 126 151 
125 133 128 123 145 
118 128 120 118 130 
107 113 109 107 120 
97 100 99 98 108 
92 94 93 93 101 
89 91 90 90 95 
89 91 90 88 93 
heat-flux ratio, qjqo 
1. 06 1. 17 1. 03 1. 13 1. 39 
o. 75 o. 78 0.80 o. 75 0.95 
0.82 o. 91 0.85 o. 78 0.87 
0.59 o. 68 0.58 0.59 0.69 
0.34 0.44 0.38 0.30 0.58 
o. 28 0.38 0.24 0.24 o. 43 
o. 16 0. 24 0. 11 o. 14 o. 27 
0.05 0. 13 0. 10 0.03 0. 25 
o. 15 o. 23 o. 14 o. 12 0.27 
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s1de leeward 
139 121 
133 119 
131 116 
121 111 
111 101 
100 93 
95 89 
92 86 
93 84 
0.84 o. 77 
o. 97 o. 61 
0.98 0.64 
0.66 0.45 
0.47 0.22 
0.26 o. 14 
o. 12 0.01 
o. 16 -0.02 
0.20 0.04 
~ng1e of 
Incidence 
de g. 
Merid1an 
s/D = 0.117 
o. 177 
o. 237 
0.297 
0.357 
o. 417 
0.477 
0. 710 
0.943 
s/D = 0. 117 
0. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 30 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 90° 
c . = o. 004 
m 
0 4 
--
w1ndward side .leewarcJ. w1ndwar~ 
temperature, T - degF 
126 115 131 124 125 
125 119 127 122 143 
123 121 125 119 149 
117 120 118 114 136 
106 108 107 103 117 
95 95 97 94 103 
92 89 91 91 96 
88 86 89 88 93 
89 88 90 87 93 
heat-flux ratio, 4/40 
1. 07 1. 06 1. 08 1. 13 1. 07 
0.69 0.67 o. 74 0.69 0.94 
0.79 0.94 o. 82 o. 71 0.98 
0.57 o. 70 0.58 o. 57 o. 73 
0.29 0.40 0.34 0.26 o. 52 
0.24 0.35 o. 21 o. 21 0.41 
o. 13 o. 22 o. 10 o. 11 0.25 
o. 01 o. 08 o. 07 o.oo 0.22 
o. 13 0.22 o. 13 o. 10 0.27 
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s~e leeward 
136 117 
135 117 
134 115 
124 112 
111 100 
99 92 
94 88 
92 84 
92 84 
0.83 0.88 
o. 78 0.67 
o. 79 0.66 
o. 52 0.49 
o. 41 0.25 
o. 19 o. 15 
0.06 o. 04 
o. 11 -0. 01 
o. 14 0.05 
Angle of 
Incidence 
de g. 
Meridian 
s/D = 0. 117 
o. 1.77 
0.237 
o. 297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
o. 943 
TABLE 31 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED WITH SWIRLER AT 90° 
c . = o. 005 
rn 
0 4 
--
windward side leeward windward 
temperatur e , T - degF 
125 114 129 123 113 
122 116 125 119 125 
120 116 123 115 132 
115 116 117 112 133 
104 104 106 100 117 
93 92 95 91 100 
89 85 90 88 93 
86 83 88 85 90 
87 85 89 84 92 
heat-flux ratio, qjqo 
l. 10 l. 07 l. 12 1. 12 0.94 
0.65 0.65 o. 71 0.65 0.80 
o. 76 0.92 o. 79 o. 72 1. 06 
0.56 o. 67 0.57 0.54 o. 74 
0.26 o. 35 o. 32 0.23 o. 51 
0.20 o. 31 o. 20 o. 18 o. 41 
o. 10 o. 18 0.09 0.09 0. 23 
-0.02 0.06 0.05 -0.02 o. 19 
o. 11 o. 20 o. 12 0.08 0.28 
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s1de leeward 
132 116 
129 116 
128 114 
121 111 
110 100 
98 91 
93 88 
91 85 
92 83 
0.85 1. 04 
o. 75 0.65 
o. 77 0.66 
0.52 0.53 
o. 39 0.22 
o. 17 ·o. 14 
o. 05 0.07 
o. 10 -0.02 
o. 12 0.04 
Angle of 
~ncidence 
de g. 
MeridJ.an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 32 
TEMPERATUREANDHEATFLUX 
NITROGEN EJECTED STRAIGHT OUT 
c . = o. 002 
m 
0 4 
--
w1ndward side leeward wJ.ndward 
temperature, T- degF 
119 126 133 128 
120 125 130 114 127 
119 124 128 112 126 
113 118 122 107 122 
106 110 115 100 113 
98 101 106 94 104 
92 95 100 89 97 
89 91 96 87 93 
89 90 95 88 92 
heat-flux ratio, qjqo 
0.80 0.84 0.95 o. 82 0.90 
0.78 0.80 0.77 0.61 o. 84 
0.65 o. 73 0.72 0.53 0.77 
0.55 0.59 0.58 0.51 0.66 
0.44 o. 52 0.46 0.34 0.56 
0.30 0.36 0.33 o. 19 o. 41 
0. 19 0.23 o. 20 o. 16 0.29 
o. 17 0.22 o. 17 o. 12 0.26 
o. 16 0. 21 o. 18 o. 11 0.24 
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SJ.de leeward 
127 114 
123 110 
121 108 
115 103 
107 96 
98 90 
92 86 
88 84 
88 84 
0.94 o. 75 
o. 79 o. 64 
o. 71 o. 31 
o. 58 0.47 
o. 48 0.34 
0.33 o. 10 
o. 20 o. 14 
o. 18 o. 11 
o. 18 0.06 
~gle of 
Incidence 
de g. 
Mer1d1an 
s/D = 0. 117 
0.177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
TABLE 33 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED STRAIGHT OUT 
c . = o. 004 
m 
0 4 
--
w1ndward s1de l eeward Wlndward 
temperature, T- degF 
120 134 142 129 
132 127 138 118 127 
132 125 134 115 126 
121 118 123 110 121 
110 110 114 102 114 
99 101 104 94 104 
93 95 99 89 97 
89 91 94 86 93 
89 90 93 87 . 92 
heat-flux ratio, qjqo 
0.64 1.11 1. 14 0.74 0.89 
1. 04 0.82 0.89 0.68 0.83 
0.94 o. 71 o. 78 0.54 o. 77 
0.65 o. 59 o. 61 0.47 o. 65 
0.49 o. 51 0.46 0.35 0.56 
0.32 0.35 0.32 o. 15 o. 40 
o. 19 0.22 0.20 o. 12 0. 29 
o. 17 o. 22 o. 17 o. 10 0.26 
o. 16 o. 20 o. 18 0.08 0.24 
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Slde leeward 
128 120 
125 113 
122 110 
117 107 
109 100 
99 93 
93 89 
89 85 
89 86 
0.96 0.81 
0. 79 o. 10 
o. 71 o. 46 
0.58 0.47 
0.47 0.35 
0.32 0.14 
0.20 o. 13 
0. 18 0. 10 
o. 18 0.07 
Angle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
TABLE 34 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED STRAIGHT OUT 
c . = o. 006 
m 
0 4 
--
w1ndward side leeward w1ndward 
temperature, T - degF 
120 154 134 138 
131 145 141 117 132 
134 139 141 116 129 
125 123 129 112 122 
109 113 115 102 114 
97 102 102 92 104 
91 95 97 88 98 
88 91 92 85 93 
89 90 92 86 92 
heat-flux ratio, qjqo 
0.64 1. 30 0.98 o. 70 1. 16 
0.98 1. 02 1. 05 0.65 0.89 
0.97 0.82 o. 97 0.59 0.80 
0.68 0.63 0.68 0.47 0.66 
0.46 0.53 0.47 o. 33 o. 56 
0.27 0.36 0.30 o. 13 o. 40 
o. 13 o. 17 0.07 0.28 
o. 13 0.22 0.16 0.05 0.25 
o. 17 o. 21 0.20 0.06 0.24 
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s1de leeward 
144 118 
143 114 
137 111 
122 108 
111 98 
101 91 
94 87 
90 84 
89 85 
1. 29 0.70 
0.97 0.62 
o. 78 0.55 
0.60 0.38 
0.45 0.26 
o. 30 o. 12 
o. 18 0.03 
o. 18 0.03 
o. 18 0.03 
Angle of 
Incidence 
de g. 
[Merid1.an 
o/D = 0. 117 
o. 177 
0.237 
0. Z9 7 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = o. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 35 
TEMPERATURE AND HEAT FLUX 
NITROGEN EJECTED STRAIGHT OUT 
c . = 0. 008 
m 
0 4 
--
Wlndward side leeward w1ndward 
temperature, T - degF 
113 141 123 110 150 
125 155 133 112 133 
132 153 136 112 13Z 
1Z7 131 129 110 124 
111 114 113 100 116 
96 101 100 90 105 
91 95 94 85 97 
87 92 91 83 93 
89 93 92 84 92 
heat-flux ratio, qjq 
0 
0.55 1.11 0. 7Z 0.56 1. 44 
0.90 1. 23 0.95 0.58 0.88 
0.96 0.98 0.98 0.59 o. 81 
o. 71 0.68 0.69 0.48 o. 67 
0.46 0.53 0.45 o. 33 0.57 
0.24 o. 35 O.Z6 o. 12 0.40 
o. 10 o. 18 o. 12 0.04 O.Z7 
0.10 0. Z3 0.1Z 0.03 o. Z5 
o. 17 o. zs o.zo 0.04 o. zz 
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s1de leeward 
140 115 
145 11Z 
143 111 
1Z7 106 
113 97 
10Z 89 
97 85 
9Z 8Z 
93 83 
1. 14 0.64 
1. 02 0.59 
0.9Z 0.64 
0.63 0.37 
0.44 o. Z5 
0. Z8 o. 10 
o. 16 0.02 
o. 17 o. 01 
o. zo o.oz 
Angle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
0.710 
0.943 
s/D = 0. 117 
0.177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 36 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED STRAIGHT OUT 
c . = o. 001 
m 
0 4 
--
w1ndward side leeward w1ndward 
temperature, T - degF 
127 133 142 123 124 
131 127 139 118 124 
130 126 136 116 123 
122 121 124 110 119 
110 112 115 101 113 
99 102 105 93 103 
94 96 98 90 97 
91 93 94 89 93 
90 92 94 89 91 
heat-flux ratio, qjqo 
0. 91 1. 10 1. 11 0.84 1. 06 
1. 01 0.81 0.86 0.76 0.84 
0.84 0.78 0.75 0.57 o. 79 
0.62 o. 59 0.60 0.49 0.67 
0.47 o. 49 0.46 0.36 0.56 
o. 29 0.37 0.30 o. 13 0.42 
o. 16 o. 18 o. 10 
o. 16 o. 20 o. 17 0.08 0.25 
o. 15 o. 21 o. 17 0.05 0.25 
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side leeward 
134 107 
131 99 
129 94 
122 94 
114 84 
104 78 
98 77 
93 80 
93 81 
o. 93 0.86 
0.78 0.58 
o. 71 0.45 
0.57 o. 48 
o. 47 0. 20 
o. 31 0.04 
0.20 o. 12 
o. 18 o. 01 
o. 17 -0.01 
fA.ngle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
o. 177 
o. 237 
o. 297 
0.357 
0.417 
0.477 
o. 710 
o. 943 
s/D = 0. 117 
o. 177 
0.237 
o. 297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 37 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED STRAIGHT OUT 
c . = o. 002 
m 
0 4 
.... w1ndward side leeward w1ndward 
temperature, T- degF 
120 148 138 118 133 
131 141 143 114 128 
136 137 142 112 127 
127 125 128 108 119 
111 115 114 98 112 
98 103 102 89 101 
92 98 95 86 94 
90 95 92 84 91 
90 94 92 84 90 
heat-flux ratio, qjqo 
0.60 1. 31 0.96 0.68 1. 25 
o. 91 o. 96 1. 00 0.61 0.86 
o. 93 0.82 0.88 0.53 o. 79 
o. 66 0.62 0.63 0.39 o. 67 
0.42 o. 49 0.45 0.24 0.54 
o. 23 o. 36 0.27 0.06 0.40 
0.09 o. 13 -0.02 
o. 10 o. 20 o. 15 o.oo 0.24 
o. 13 0. 21 o. 17 0.01 0.24 
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s1c1e leeward. 
148 115 
142 110 
137 105 
124 102 
113 93 
103 86 
97 84 
93 83 
92 83 
1. 15 o. 68 
o. 93 o. 57 
0.75 o. 47 
0.58 0.30 
0.45 o. 15 
o. 28 0.02 
o. 16 -0.04 
o. 17 -0.03 
o. 17 -0.02 
Angle of 
Incidence 
de g. 
Merid1an 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
0.710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
o. 417 
0.477 
o. 710 
0.943 
TABLE 38 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED STRAIGHT OUT 
c . = 0. 004 
m 
0 4 
--
w1ndward side leeward w1ndward 
temperature, T - degF 
103 114 107 98 153 
113 133 118 101 141 
118 147 124 100 140 
125 144 127 101 128 
113 117 113 94 119 
97 98 98 85 108 
89 92 91 80 101 
86 91 87 80 97 
87 94 89 79 95 
heat-flux ratio, qjqo 
0.36 0.58 0.38 0.34 1. 80 
0.61 1. 00 0.60 0.36 0.88 
0.80 1. 21 0.76 0.40 0.81 
0.69 0.87 0.68 0.40 o. 70 
o. 51 o. 45 0.50 0.28 0.57 
o. 23 0.23 0.23 0.08 0.40 
0.05 0.04 -0. 04 
0.04 o. 15 0.05 -0.02 0.24 
o. 10 0.28 o. 10 o.oo 0.24 
81 
8 
side leeward 
143 108 
152 107 
148 101 
130 97 
113 89 
102 83 
96 81 
93 81 
94 80 
1. 02 0.45 
1. 02 0.44 
0.95 0.40 
o. 65 o. 21 
0.44 0.07 
0.22 -0.05 
o. 11 
-0.09 
o. 16 -0.08 
o. 21 -0.06 
Angle of 
Incidence 
de g. 
Meridlan 
s/D = 0. 117 
o. 177 
o. 237 
0.297 
o. 357 
0.417 
0.477 
o. 710 
0.943 
s/D = 0. 117 
o. 177 
0.237 
0.297 
0.357 
0.417 
0.477 
o. 710 
0.943 
TABLE 39 
TEMPERATURE AND HEAT FLUX 
HELIUM EJECTED STRAIGHT OUT 
c . = o. 005 
m 
0 4 
--
w1ndward side leeward w1ndward 
temperature, T- degF 
97 110 101 99 173 
103 128 108 101 151 
107 138 111 100 143 
115 145 118 103 129 
109 124 110 98 121 
96 102 96 91 109 
88 94 88 86 102 
85 90 85 85 97 
85 92 86 84 96 
heat-flux ratio, qjq 
0 
o. 24 0.49 0.27 o. 26 1. 51 
0.45 0.84 0.48 0.29 0.91 
0.65 1. 12 0.63 0.41 0.80 
0.60 0.93 0.59 0.34 0.63 
o. 51 0.56 0.50 0.24 o. 55 
o. 28 o. 25 0.25 0.09 o. 39 
0.06 o. 10 0.05 -0.04 
0.04 o. 11 0.04 -0. 03 o. 25 
0.09 o. 25 0.08 0.00 0.26 
82 
8 
s1de leeward 
125 103 
138 104 
138 99 
133 95 
115 88 
101 83 
94 81 
92 81 
94 80 
0.72 0.39 
1. 03 0.37 
1. 01 0.34 
o. 71 0. 16 
o. 43 0.04 
o. 21 -0.06 
0.08 -0. 12 
o. 13 -0.09 
0.22 -0.06 
c. 
m 
TABLE 40 
TEMPERATURE AND HEAT FLUX 
WITH NO COOLANT WATER FLOW 
NITROGEN EJECTED STRAIGHT OUT 
ZERO INCIDENCE 
0.008 0.006 0.004 0.002 
temperature, T- degF 
Plenum Chamber 202 203 221 237 
s/D = 0. 117 205 215 225 249 
o. 177 209 218 228 248 
0.237 212 219 230 248 
0.297 208 213 224 244 
0.357 200 207 219 240 
0.417 195 205 217 237 
0.477 195 205 215 236 
o. 710 195 206 213 234 
0.943 197 208 211 232 
heat-flux ratio, qjqo 
s/D = o. 117 o. 11 0.07 0.08 o. 24 
o. 177 0.34 0.33 0.40 0.25 
0.237 0.38 0.30 0.32 0.20 
o. 297 o. 18 0.07 o. 15 o. 11 
0.357 -0.05 -0.08 0.04 0.08 
0.417 -0. 14 -0. 14 -0.05 -0.05 
0.477 -0. 15 -0. 15 -0.07 -0.07 
o. 710 -0. 10 -0.09 -0.02 -0.03 
0.943 -0.05 -0. 06 -0.02 -0.03 
83 
0 
241 
253 
251 
251 
247 
244 
241 
240 
237 
235 
o. 29 
0.22 
0. 17 
0.09 
0.00 
-0.06 
-0.07 
-0.04 
-0.03 
em 
TABLE 41 
TEMPERATURE AND HEAT FLUX 
WITH NO COOLANT WATER FLOW 
HELIUM EJECTED STRAIGHT OUT 
ZERO INCIDENCE 
o. qo5 0.004 0.003 0.002 
temperature, T - degF 
Plenum Chamber 172 183 192 198 
s/D = 0. 117 169 183 192 202 
o. 177 171 185 195 206 
0.237 175 189 200 209 
o. 297 177 190 198 202 
0.357 172 183 188 194 
o. 417 165 174 180 190 
0.477 162 172 179 189 
o. 710 161 171 178 189 
0.943 162 172 179 190 
heat-flux ratio, qjqo 
s/D = 0. 117 0.00 0.05 0.08 0.08 
o. 177 o. 12 o. 18 0. 32 o. 39 
0.237 o. 31 o. 36 0.42 0.38 
0.297 o. 26 0.30 o. 28 o. 16 
0.357 o. 15 o. 12 o. 01 -0.04 
o. 417 0.03 -0. 07 -0. 14 -0. 14 
0.477 -0. 15 -0. 17 -0. 19 -0. 17 
o. 710 -0.09 -0. 11 -0. 12 -0. 10 
0.943 -0.05 -0.06 -0.07 -0.07 
84 
0.001 0 
212 241 
225 253 
226 251 
227 251 
222 247 
217 244 
214 241 
214 240 
215 237 
215 235 
0.22 0.29 
o. 41 0.22 
o. 28 o. 17 
o. 13 0.09 
0.02 0.00 
-0.09 -0.06 
-0. 10 -0.07 
-0.04 -0.04 
-0.05 -0.03 
85 
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FIG. 10 (continued) SCHLIEREN PHOTOGRAPHS 
96 
(g) HELIUM EJECTED WITH SWIRL, C • = 0. 002; a = 4° 
m 
0 (h) HELIUM EJECTED WITH SWIRL, C . = O. 002; a = 8 
m 
FIG. 1 0 (concluded) SCHLIEREN PHOTOGRAPHS 
97 
Ment 
0 .8 
0 .6 
0.4 
0.2 
The flagged points are for 
the pressure model, 
the unflagged points are 
for the heat-flux model 
o • a= oo 
t:::. • a= 4° 
0 • a = 8° 
OL-------~--------~--------~------~------~ 
0 0.002 0.004 0.006 0.008 0 .01 
FIG. II MACH NUMBER OF COOLANT AT ENTRY TO THE FINAL 
SWIRL PIPE FOR EJECTION WITH SWIRL 
98 
- -- --------
Ment 
0.8 
... 
0 .6 
0.4 
0.2 
0 
0 
0 
o • a= oo 
l!!.. ..t. a= 4° 
o • a= so 
OL-------~--------~------~--------~------~ 
0 0.002 0.004 
c · m 
0 .006 0.008 0 .01 
FIG. L2 MACH NUMBER OF COOLANT AT ENTRY TO THE FINAL 
EJECTION PIPE FOR STRAIGHT-OUT EJECTION 
99 
0 .004 r---------------------------, 
0.003 
C · )1. 
0.002 
0 .001 
• 
0 • a:= oo 
f). • a=4° 
o • a= 8° 
0 
0 ~--~--L----~----L----~---~ 
0 0.002 0.004 
C · m 
0.006 0 .008 0 .01 
FIG. I3 VARIATION OF COOLANT MOMENTUM FLOW WITH COOLANT 
MASS FLOW FOR STRAIGHT-OUT EJECTION 
100 
0.2 r------------------------------------------101 
s/0 = o. 117 
0 ~x -G1-:>r-:.9--o==o-=:---------:-:---------1 
-x_ -o- -O N2 
........... ------
...._)( -o 
-0.2 1- ...._ ...._ He 
~) ...._~X 
.,..--x--
_,x -x- o ---0 0177 0 1-.lC-tD--x o---0--o-=o-.::::...x- . 
0.237 
0 -><c-::::..2- x--o--o- -0 o-- - - o ------1 
--x-><-- -x= =s>= ::::x 
0 .297 0 -x-9-JC-e-,._g--o- -o- -O ----o-----1 
--x 
-----x 
0 .357 0 ~X. -$-X-GD- X-o--&----o- -I>----- -0-----l 
0 -x -e-x-~-x-o--~--O--~-----o 0 .417 
> 
0.477 0 f--x -e-)(-e -)C-o- -~--o- -2----- o------1 
0 .710 
0 1--.x-e-')(-"-~o- -e--o- -e ----0-----1 
) 
0.943 0 t--J( -e -x-tD ->E-o- -Gt-- -o- :-liD---- -o---=------==-----1 
I I I I 
0 0.002 o.oo4 c,n o.oos 0 .008 0.01 
FIG.I4 EFFECT OF EJECTION WITH SWIRL ON PRESSURE,a=0° 
0.2r-----------------------------------~ N2,a=8° __ v 
__ -t..-.::>-c:-- _ ~-- s;D= 0.117 
0 ~ --w...-:==-~ ==Q-~:::::.....---::-6-:-:------=--------1 
-
........ 
........... 
-0.2 N2 , a= 4 o 't.. 
~Cp __ -A-----.t.. 0.177 
0 -- ---~~~--===-"=Q=S:I~--::::;;m;;;....._w_._ _ v--- -V 
Cp 
0 
< 
t..----A 0.237 
0 -- - --u- --~---n:._..~-~-===-= v v 
tJ--- -A 0 .297 
0 -- -D---~=-v -v 
> 
0 .357 
0 ----v-- --u- ---A----%-----1 
0.417 0 I--- --Er-- --.u-- ---1)-- -----lil------1 
0 .477 0 ~-------m- --n-----rJ------1 
> 
0.710 0 --- -5----a- ---u----n.-----
0.943 0 1-- - - -D-- - - -rr- -- -n - - --n -----1 
I I I I 
lOZ 
0 0.002 o.oo4 en, o.ooa 0.008 0.01 
FIG . 15 EFFECT OF EJECTION WITH SWIRL ON PRESSURE 
a= 4° a 8°, WINDWARD MERIDIAN 
0.2r-------------------------------------------~ 
0.177 0 r- - -8-- -- ---liZ- ---IZ=--=-=.-----: ilor-----i 
.6.Cp 
Cpo > 
.. __ ~ __ 6 0.237 0 t-- - -=-=~ - ---u--
---v----V----v 
--A0. 297 -~ A A 0 1--- ---v----v-
---v 
' 
) 
0.357 0 --- -.D.- - - - ~ --= =~=-==--==-~-----; 
0.417 0 ~-- -lil-- _g_- -a- ----£1--------i 
> 
0.477 0 t----4----s------.K-----&1 
0.710 0 t------a-----B----B-----a------t 
0.943 0 r--- ---a---- -e----s- ----B 
I I I I 
0 0 .002 o.oo4 crr. o.oo6 0.008 0.01 
10 3 
FIG. 16 EFFECT OF EJECTION WITH SWIRL ON PRESSURE 
a = 4 ° a 8°, LEEWARD MERIDIAN 
r-------------------~----~~~--------------~104 
+ --+-+.._Swirler at 45° 
20 ~ _,.../" He ~---o 
-+- ___ o- N2 
--:::-=:: -=Xo.:::: ::---o-- N2 s/0 = 0.117 0 ~ ---o- -x_..:::::::-9-- ---o--_,;;;r--o 
He-)(.__Swirler at 90° 
~ +----+--+ 
> -+ -- --o------0 
- ---~--x=------o- 0.177 0 ir.:;.=.=:-_:=..~_"::::::x-.::::::..9= ----o-----0-------~ 
--x 
b. T °F \ _ ..... _ 
+
- ' •-- + -o-- ---o 
__ ___..::x:_ ~-- 0 .237 
0 ~--- ~""'==r--:-.:::::t---- -0-----0 
--')( 
_v+---+---+--+---o-----O 0.297 
I ~~-===- -·'ll-- - - - -o-0 ..-- --o--=--x-=--=:-o....- ---0- ----o,--=:.-=....---}C--')( 
0 ~--- J:. + IB- -+---0-----0 0 .357 
-rr-x-- -u-----o 
x- -'1. 
X+ n 0 .417 
0 1-------8- -X+--QQ -+- _ _.a---- '-'-------l ')( 0 0 
n 0 .477 Q - - - - ,ll,il{!j~.-..w--t"---{)!ibn=-::::!4-~=-==~ " -==-----=--..J.l..._----1 )( )( cr- 0 )( 
D 0 0.710 0 - - --~- -)(. +t-----t'1~L--t.'---<:>_....="'_,....,..,.,...=="o="""-------< 
)( 
0 .943 0 1-- ----~---+- o!L_+ ___ oE._ ____ !::!..o ______ -l 
X X )( · 0 
-20L-------~·--------~·L--------~·-----~·--------~ 
o o.oo2 o.oo4 c.n o.oos o.ooa o.o1 
FIG.I7 EFFECT OF EJECTION WITH SWIRL ON TEMPERATURE, a =0° 
0 . 2 
0 
He x-~--7( ~- x-- Swirler at 90°~- 0 N2 
1.:::::...-::__ -~..,....---Oc-----o~-... 0.117 
'-. /oN 
He +'-~Swirler at 45° 2 
- 0. 2 1- +- -+...._,.:f: .o----0 
- ...--
> +~-- ---.,.,..,..., t:r -o-
0 
/__./ s10=0.I77 
.L... -~- - ~---0---- --0-"'----......j 
--x--....x. 
- -x_ 
-· 
0 
..--+-.. 
_.... ......._ --0.------o 
..r ......... --a-- 0 
/ D--X'~-~ --- 02":1.7 ~-- --x ""- -- -::::.x--o- . oJ ---0-=-==-==.:--~·u.__· ______________ --t 
':.t--+ 
0.297 0 ----4---Y<--9-) --o-----0~------4 
0 
0 
0 
0 
0 
0 0 n 0.357 
........ ....._ ~ 
--
O+ 
+ 
--x----- X 
--"'it--)( 
o a 
----------------
- -=. -=:::.J- -- )( -
+- --)( ....._~ --x 
........... 
+- + 
-o-
·u C 
r-----=--~- Oo----2...c--- o 
....._+......_ x_ -x_ -
-.... -x D 
-+- .........._ +....._+ 
-- ·vr 
--x-
--x--. .__ 
x- -)( 
0.417 
0.477 
0 .710 
0.943 
=- oo::::o_c&- .=,c= =:: oJl ::a:o'=::-::::-----nu.::-o----~--..;;__--4 =t-- x----4< +-
1 -.-+-+ I I 
105 
-0.2 0 0.002 o.oo4 cm o.oos 0.008 0 .01 
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FIG. 21 EFFECT OF STRAIGHT- OUT EJECTION ON TEMPERATURE 
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FIG.26 EFFECT OF STRAIGHT-OUT EJECTION ON TEMPERATURE 
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FIG . 28 EFFECT OF STRAIGHT-OUT EJECTION ON TEMPERATURE 
a = 4 °, LEEWARD MERIDIAN 
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FIG. 31 PHOTOGRAPH OF THE HEAT-FLUX MODEL 
INSTALLED IN THE TUNNEL, 
AND SHOWING ICE FORMATION FOLLOWING A WATER LEAK 
(See Section 6. 7) 
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